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INTRODUCTION 
Problem 
It is expected that future demands for products of the 
pulp and paper industry will increase (Dawson and Pitcher 
1970). To meet this demand more fiber has to be produced. 
Since available lands for fiber production are also expected 
to become more and more limited, some kind of intensive 
silviculture of woody fiber crops must be practiced to pro­
duce more fiber per unit land area. 
Ultimately, fiber yield is determined by the quantity of 
photosynthate produced, the amount lost through respiration 
and other processes, and the proportion of the photosynthesis-
respiration differential that is used for fiber production. 
Intensive silviculture of woody fiber crops includes the 
deliberate manipulation of photosynthesis, respiration and 
related processes. The aim of silviculture is not only to in­
crease photosynthate production and decrease respiratory 
losses but also to divert a greater proportion of the 
photosynthesis-respiration differential into usable fiber 
production (Larson and Gordon 1969). To be able to accomplish 
this, considerable basic information is needed. The environ­
mental factors important in determining fiber yield must be 
idAnti f ied anfl  their -f i  ^ offorfe / in /-«••- 'K ot-  nn niant 
development, and on the fundamental physiological processes 
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underlying production (metabolic pathways from gross 
photosynthesis to distribution of assimilate) must be under­
stood. This is the biological problem underlying intensive 
silviculture of woody fiber crops. 
The physiological and biochemical aspects of increasing 
woody fiber yield are being studied at Iowa State University. 
A better understanding and deeper insight into precise ef­
fects of individual environmental components on the 
fundamental processes demand close control, precise measure­
ment, and adeguate characterization, of the individual con­
tributions of the environmental components (Kozlowski 1958). 
This is not possible in large-scale field trials. For this 
reason, studies in this research project are being confined 
to controlled environment conditions and to small-scale field 
trials. Results are expected to provide data and concepts 
which could be tested by forest biologists in large-scale 
field trials. Derivation of the fundamental information about 
environmental effects on physiological and biochemical proc­
esses of forest trees in both field and laboratory experi­
ments should build up a body of knowledge the critical 
synthesis of which will provide insight to better understand­
ing and solutions of problems encountered in the intensive 
silviculture of crops for fiber production. 
This controlled-environment study dealt with the effects 
of air temperature and soil moisture on photosynthesis. 
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respiration, vegetative growth, dry weight accumulation, dis­
tribution of assimilate and water content (relative 
turgidity) of the Crandon clone of aspen-poplar hybrid. This 
hybrid (Popalus grandidentata Michx. x F. alba L.) occurs 
naturally in southeastern Iowa and shows promise as a timber 
tree. It has the superior form and growth habit of bigtooth 
aspen and the rapid growth rate of white poplar. Differences 
in photosynthesis, growth, and distribution of assimilate and 
no differences in dark respiration, have been observed be­
tween the four clones that have been so far identified 
(Gatherum, et al. 1967a; Smith 1968). This study was confined 
to the Crandon clone so that genotype was uniform. 
Temperature affects photosynthesis directly and also 
indirectly through its effect on respiration and 
transpiration. Increased temperature increases transpiration 
which often results in a saturation deficit in the leaves. 
This deficit is accompanied by reduced stomatal opening, thus 
reducing photosynthesis through a decrease in carbon dioxide 
uptake (Kramer 1958). In addition, it increases mesophyll 
resistance to carbon dioxide diffusion through dehydration of 
the cell membranes (Brix 1962; Gaastra 1959; Kozlowski 1964; 
Penman and Schofield 1951). Optimum temperature for 
photosynthesis is lower than that for respiration so that as 
temperature is increased the rate of increase in net 
photosynthesis is decreased because of augmented respiration 
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(Kramer 1958; Meyer and Anderson 1939; Tranquillini 1954). 
The range of temperature within which photosynthesis occurs 
varies widely, from a few degrees below freezing point to 
over 400C (Decker 1944; Freeland 1945; Gatherum 1959; Parker 
1953; Tranquillini 1955; Zeller 1951). 
Temperature affects growth through its influence on 
practically all factors which affect growth directly 
(Billings 1952; Kramer and Kozlowski 1960; Went 1943; 1953; 
1957). The fundamental physiological processes such as 
photosynthesis, respiration, cell division and elongation, 
enzymatic activity, chlorophyll synthesis, transpiration, 
etc., are all affected by temperature (Kramer and Kozlowski 
1960). 
Growth occurs over a wide range of temperature but 
somewhere within this range there is a narrower range which 
promotes optimum growth (Hellmers 1962). Day temperature 
(Brix 1971; Hellmers and Sundahl 1959), night temperature 
(Brix 1971; Hellmers 1962), day-night temperature differen­
tial (Hellmers and Sundahl 1959; Kramer 1957), and the total 
daily temperature or "heat sum" (Hellmers 1963; Hellmers and 
Ashby 1958; Olson, et al. 1959) have all been found to affect 
the growth and development of trees. 
Water is indispensable to plants because of its several 
important roles in the growth mechanism of plants, such as 1) 
primary constituent of protoplasm, 2) reagent in 
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photosynthetic and hydrolitic processes, 3) solvent in which 
salts and gases move into and through plants, and H) 
maintainer of cell turgor (Kramer and Kozlowski 1960). 
Increasing water deficit in the plant is known to reduce 
rates of photosynthesis (Bordeau 1954; Borman 1953; Brix 
1962; Clark 1961; Dastur 1925; Gates 1968; Kozlowski 1949; 
Negesi and Satoo 1955; Schneider and Childers 1941; Wilson 
and Loomis 1957). This reduction is effected largely through 
the influence of water stress on the diffusion of carbon 
dioxide to the site of photosynthesis (Brix 1962; Gaastra 
1959; Penman and Schofield 1951; Wilson and Loomis 1957) and 
is not due to lack of water as a raw material for the process 
(Wilson and Loomis 1957). Since carbon dioxide is one of the 
raw materials in photosynthesis, any restriction on its 
availability would affect the rate of the photosynthetic 
process. Thus, photosynthesis is reduced when atmospheric 
carbon dioxide concentration is low or when carbon dioxide 
supply is restricted due to stomatal closure by water stress. 
However, if the stomata are not entirely closed, the degree 
of stomatal opening has little, if any, effect on carbon 
dioxide diffusion from the outside to inside the leaf (Penman 
and Schofield 1951). Gaastra (1959) showed that nesophyll 
resistance may be an important rate limiting factor in 
photosynthesis. In turn, mesophyll resistance to carbon 
dioxide diffusion may be influenced by increased water stress 
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through dehydration of the cell membranes which reduces their 
permeability to carbon dioxide (Brix 1962; Gaastra 1959; 
Wilson and Loomis 1957). 
Thus the response of photosynthesis to moisture is con­
trolled by the internal water balance in the plant. Internal 
water balance depends on relative rates of water absorption 
and transpiration. The amount of available moisture in the 
soil is one of the controlling factors affecting absorption. 
The effect of soil moisture on photosynthesis is thus 
indirect, through its effect on the internal water balance of 
the tree. 
While reduced soil moisture reduces photosynthesis rate, 
amounts above the field capacity may also reduce photo­
synthesis rate (Childers and White 1942; Loustalot 1945? 
Smith 1968). This reduction, however, has been attributed to 
poor soil aeration (Smith 1968). 
Growth in both height and diameter of trees of several 
species have been shown to decrease with decreasing soil 
moisture (Borgess 1953; 1956; Fraser 1956; 1962; Fritts 1958; 
1960; Husch 1959; McClurkin 1958; Busselman 1967; Sander 
1957; Stransky and Wilson 1964). Reductions in dry weight 
growth (Jarvis and Jarvis 1963; Musselman 1967; Sands and 
Rutter 1959; Smith 1968), root growth (Barley 1963; 
Kozlowski 1949; Taylor and Gardner 1963; Zahner 1968), and 
leaf growth (number, size, and spacing) (Zahner 1968) have 
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also been shown to be affected by deficient soil moisture. 
Many other studies give indirect evidence that growth of 
trees is sensitive to soil water stress (Motley 1949; Zahner 
1968) . 
In a controlled-environment study Smith (1968) obtained 
increasing photosynthetic capacity of aspen-poplar hybrid 
with increasing soil moisture level, from near wilting point 
(13 percent) to field capacity (34 percent) . Photosynthetic 
capacity then decreased rapidly at 41 percent. Smith sugges­
ted that the reduction in photosynthetic capacity for the 
moisture conditions above field capacity was due to poor soil 
aeration. Photosynthetic efficiency, on the other hand, 
decreased from near wilting point to field capacity then in­
creased slightly. Smith suggested this phenomenon might be 
due to increased production of non-photosynthetic leaf tissue 
at the moisture levels producing the largest leaf area and 
greatest leaf weight per plant or to increased mutual shading 
of leaves of larger seedlings in the photosynthesis measure­
ment chamber. Relative turgidity, which was an expression of 
the internal water balance of the leaf, increased linearly 
with soil moisture to field capacity then decreased above 
field capacity. Maximum photosynthetic capacity, growth, leaf 
area, and stea height were obtained in the range of maximum 
leaf relative turgidity. 
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Objectives 
The specific objectives of this study were 1) to deter­
mine the effects of different air temperature regimes on 
gross and net photosynthesis, dark and light respiration, and 
vegetative growth 2) to determine the effects of different 
soil moisture levels on the same dependent variables; 3) to 
determine the interaction between the independent variables 
in relation to the dependent variables; U) to determine the 
relationship of leaf water content (relative turgidity) to 
soil moisture and temperature; 5) to determine the difference 
between respiration in the dark and in the light; and 6) to 
determine the relationship of leaf water content to the de­
pendent variables. 
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METHODS AND PROCEDURES 
A brief account of the experimental procedures is given 
below, A more detailed account is found in the Appendix. 
Experimental Design 
Five equally spaced temperature regimes with a constant 
IQOC day-night temperature differential, from 15oc day and 
50c night temperature to 350C day and 250C night temperature, 
were assigned to five growth chambers. Within each tempera­
ture regime (or growth chamber) five plants were grown. 
These five plants were randomly assigned to five equally 
spaced soil moisture levels, ranging from 9 to 37 percent. 
For each replicate, therefore, 25 plants were grown. The stu­
dy was replicated 6 times, so a total of 150 plants was used 
for the whole experiment. The lowest soil moisture level was 
slightly above the permanent wilting point (8.6 perce^nt) and 
the highest moisture level was slightly above the moisture 
content (35.6 percent) of the soil 24 hours after saturation. 
Each temperature regime in each replicate was limited to one 
growth chamber. 
Plant Materials 
The plant materials used in this study consisted of 
small shoots rooted in one-third black peat# one-third sand. 
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and one-third loam under conditions of 100 percent humidity 
controlled by an alternating mist system. The shoots were ob­
tained from planted stem cuttings gathered from a single 
clone, Crandon, of aspen-poplar hybrid. All the plants used 
in this study were, therefore, of the same genotype. 
Growth Chamber Procedures 
The experimental treatments were conducted in Percival, 
Model PT-80, growth chambers. An average light intensity of 
3,000 foot-candles at the upper portion of the plant crowns 
and a 16-hour photoperiod were used for the duration of the 
experiment. Relative humidity averaged 60 percent during 
rewatering of the plants and about 30 percent between 
rewatering. Since soil moisture was one of the independent 
variables, rewatering was frequent on the high moisture 
levels. Therefore, the upper part of the humidity range 
prevailed most of the time. 
The temperature and soil moisture treatments were 
imposed simultaneously. At the start of each replicate each 
potted plant was flushed with nutrient solution. Temperature 
was indicated by a thermometer placed in the center of the 
chamber over the crowns of the plants. The "dry-down" method 
was used to control the soil moisture treatments, i.e., the 
soil was saturated with water then allowed to dry down to a 
specific level (Kramer 1969). The combined weight of the pot. 
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plant, and soil at the desired moisture level to which it was 
dried-down, was computed and rewatering was done every time 
this computed weight was reached. For the plants in the high­
est (37 percent) soil moisture treatment, watering was done 
1 to 4 times a day and once every 2 to 6 days for the lowest 
(9 percent) soil moisture treatment, depending largely upon 
the temperature treatment. 
Laboratory Procedures 
Ml dependent variables were measured after six weeks of 
growth under treatments in the growth chambers. 
Photosynthesis and respiration were measured with a con­
trolled environment chamber (Ps-Rs chamber) described by 
Broermaji, et al. (1967) and a Beckman L/B Infrared Gas 
Analyzer, Model IR-215, with a full scale range of 0 to 500 
ppm carbon dioxide. Carbon dioxide concentration in the 
chamber atmosphere was monitored continuously and recorded 
with an Esterline-Angus Recti-graph recorder. 
Before the potted plant was placed in the Ps-Rs chamber 
the pot was placed in a 3-mil polyethylene bag that was 
sealed around the base of the stem to exclude soil 
respiration from the Ps-Rs chamber. All photosynthesis and 
respiration measurements were taken at the day temperature at 
which the particular plants were grown and at the moisture 
levels to which the soil was dried-down. All photosynthesis 
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measurements were made at 5,000 foot-candles light intensity, 
at about 400 ppm carbon dioxide concentration, and after a 
pre-conditioning period of at least 20 minutes. Dark 
respiration was obtained by recording gas-exchange when the 
lights were turned off and the Ps-Rs chamber was covered with 
a black photographic cloth. Steady state light respiration 
(referred to here e-o apparent or net light respiration or 
photorespiration) was obtained by recording gas-exchange at 
low carbon dioxide concentrations. The carbon dioxide concen­
tration in the Ps-Rs chamber was lowered down to from 50 to 
less than 10 ppm by pumping out the chamber air and replacing 
it with laboratory air drawn through a column o-f ascarite. 
The changes in carbon dioxide concentration in ppm were con­
verted to milligram weights using the gas laws. Gross 
photosynthesis was estimated by summing up net photosynthesis 
and apparent light respiration. 
Relative turgidity was obtained through the method of 
Weatherly (1950). Prints of all leaves were made on blue­
print paper and their areas determined by the dot-grid me­
thod. Oven dry weights of plant parts were obtained after 
oven-drying for 2U hours at 700C. 
One supplemental study was conducted to determine the 
effect of increasing chamber air temperature (instead of 
growth temperature) on the photosynthesis and respiration 
variables. Five plants from the main study that were grown at 
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30OC day and 20^C night temperature regime and at moisture 
levels not less than 30 percent and five plants grown at the 
same moisture level but at 20°C day and lO^C night tempera­
ture regime were taken and their photosynthesis and 
respiration rates were determined at five equally spaced 
chamber air temperatures, from 15° to 350C. For each plant, 
photosynthesis and respiration measurements at different tem­
peratures were done on different days and after pre­
conditioning periods of about 60 minutes. 
Data Analyses 
All data were programmed and analyses of variance and 
covariance, using relative turgidity as a covariate, were ob­
tained at the Iowa State University computation center. Where 
interactions of the independent variables were significant, 
the simple effects were analyzed. Only the main effects were 
analyzed when the interactions were not significant. 
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EESDITS 
The results are presented in six parts, namely, 
photosynthesis, respiration, plant adaptation to growth tem­
perature, growth, distribution of assimilate, and leaf water 
content. For each of these dependent variables, the result as 
affected by temperature is presented first, followed by the 
result as affected by the soil moisture treatments. 
Photosynthesis 
Net photosynthesis 
The interaction effect of temperature and soil moisture 
on net photosynthesis per plant was highly significant (Table 
1). The interaction involved changes in magnitude of response 
to temperature as soil moisture level was varied and changes 
in both magnitude and direction of response to soil moisture 
as temperature regime varied. Specifically, the response of 
net photosynthesis per plant to temperatures from 15-5o to 30-
20QC1 increased with soil moisture level from 9 to 23 
percent, then decreased as soil moisture level further in­
creased to 37 percent. For the highest portion of the temper­
ature range, 30-20° to 35-2500, the response (decrease) in 
net photosynthesis per plant also increased in magnitude, 
1 Day-night temperatures 
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Table 1. F-values for photosynthesis variables (per 
hour) of Crandon aspen-poplar hybrid. 
Dependent Temper­ Soil Temperature 
variables ature moisture X 
Soil moisture 
Gross photosynthesis 
Per plant 36.40+^a 29.95^+ 2 . S I * *  
Linear 90.89++ H 3 . 3 8 * *  
Quadratic 53. 66.34+^ 
Cubic 1.26 100.56^+ 
Gross photosynthesis 
Per sg. dm. leaf area 5.65+^ 8.00^^ 1.64 
Linear 8.26*^ 12.61^+ 
Quadratic 3.64 16.70^^ 
Cubic 3.05 2.66 
Gross photosynthesis 
Per gram leaf dry wt. 3.56++ 5.89^+ 1.39 
Linear 3.UU 1 . 3 6 * *  
Quadratic 2. 13 15.03^^ 
Cubic 2.28 0.90 
Net photosynthesis 
Per plant 30.15^+ 27.34^+ 2.92^^ 
Linear 60.99** 39.18^^ 
Quadratic 58.17^+ 60.05++ 
Cubic 1.33 100.90^^ 
Net photosynthesis 
Per sg. dm. leaf area 6.54++ 9. M i * *  1.78^ 
Linear 9.61+* ^ 3 . 2 9 * *  
Quadratic 7.32*^ 18.70^+ 
Cubic 2.86 4.31^ 
Net photosynthesis 
Per gram leaf dry wt. U . 5 3 * *  6 . 6 7 * *  1.44 
Linear f i . e s *  S . 2 0 * *  
Quadratic 4.75# 16.72^^ 
Cubic 2.26 1.51 
aFor this and subsequent tables: 
•Significant at 5 percent probability level. 
••Significant at 1 percent probability level. 
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Figure 1. Net photosynthesis (mg C02 per hour) per plant 
of Crandon aspen-poplar hybrid in relation 
to temperature and soil moisture. 
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Table 2. Net photosynthesis (mg carbon dioxide per 
hour) per plant of Crandon aspen-poplar 
hybrid in relation to temperature and soil 
moisture. 
Soil Moisture {%) 
Temperature 
(0C)a 9 16 23 30 37 Means 
15-5 14.37 26. 38 43. 15 20. 73 20. 35 24. 98 
20-10 25.75 73. 16 60. 20 74. 28 55. 19 57. 72 
25-15 26.04 101. 87 113. 64 83. 23 66. 66 78. 29 
30-20 23.47 82. 22 120. 37 97. 44 101. 20 84. 94 
35-25 27.04 68. 91 63. 62 75. 60 84. 41 63. 92 
Soil 
Moist. 
Means 
23.32 70. 51 80. 20 70. 26 65. 56 61. 97 
aFor this and subsequent tables: 
150C is day temperature. 
50c is night temperature. 
- from zero at 9 percent to greatest at 23 percent, then 
decreased (Figure 1) . 
The response in net photosynthesis per plant to soil 
moisture was similarly affected by temperature (Table 2; 
Figure 1) . 
The main effects of temperature and soil moisture on net 
photosynthesis on a per unit leaf area basis were similar to 
the effects on a per gram leaf dry weight basis. Both in­
creased as temperature increased from 15-5o to 2O-IOOC and 
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both decreased with further temperature increase to 35-250C. 
Both increased sharply as soil moisture level increased from 
9 to 16 percent, leveled off at 16 to 23 percent, then 
decreased with further increase in soil uioisture level 
(Tables 1 and 3; Figure 2) . 
The temperature by soil moisture interaction in relation 
to net photosynthesis per sq. dm. leaf area was significant 
(Table 1). The interaction was similar to the interaction ef­
fect on net photosynthesis per plant in that it involved a 
change in magnitude of the response to temperature as soil 
moisture level varied. The response to temperatures from 20-
100 to 35-250C increased as soil moisture level increased 
from 9 to 23 percent then decreased with further increase to 
37 percent. The interaction also involved a change in both 
magnitude and direction of the response to soil moisture as 
temperature increased, except in the 20-10OC treatment in 
which the response seemed to be anomalous in relation to the 
other temperature regimes. At 15-50C net photosynthesis per 
sq. dm. leaf area increased sharply from 9 to 16 percent then 
decreased sharply from 16 to 37 percent. At 25-1S^C the in­
crease from 9 to 16 percent was less sharp and the decrease 
from 16 to 37 percent was also less sharp. At 30-20° to 35-
250c the response changed shape, that is, net photosynthesis 
per sq. dm. leaf area increased continuously from 9 to 37 
percent (Table 4; Fiqure 3) . 
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Table 3. Photosynthetic rate (mg carbon dioxide per 
hour) of Crandon aspen-poplar hybrid in relation 
to temperature and soil moisture. 
Independent Gross photosynthesis Net photosynthesis 
variable sq. dm. gram leaf sg. dm. gram leaf 
leaf area dry wt. leaf area dry wt. 
Temperature (oc) 
15-5 
20-10  
25-15 
30-20 
35-25 
Soil moisture {%) 
9 
16 
23 
30 
37 
11.99 13.52 
15-26 17.34 
11.35 12.82 
11.91 14.00 
9.88 12.01 
7.92 9.44 
12.97 15.05 
13.75 15.79 
13.12 15.61 
12.52 13.81 
10.15 11,44 
13.45 15.46 
10.12 11.36 
10.30 12.18 
7.96 9.65 
6.31 7.56 
11.59 13.26 
11.89 13.80 
11.34 13.52 
10.85 11.95 
Figure 2. Net photosynthesis per sq. dm. leaf area and per 
gram leaf dry weight of Crandon aspen-poplar 
hybrid in relation to temperature and soil 
moisture. 
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Table 4. Net. photosynthesis (mg carbon dioxide 
per hour) per sq. dm. leaf area of 
Crandon aspen-poplar hybrid in relation 
to temperature and soil moisture. 
Soil Moisture {%) 
Temperature Temperature 
(OC) 9 16 23 30 37 Means 
15-5 77.19 14.56 12.00 9.27 7.72 10.15 
20-10 8.79 13.61 15.70 15.89 13. 23 13.45 
25-15 4.91 14.21 12.53 9.74 9.19 10.12 
30-20 5.02 8.37 12.78 12. 14 13.21 10.30 
35-25 5.62 7.20 6.44 9.67 10.89 7.96 
Soil 
Moisture 6.31 11.59 11.89 11.34 10.85 10.39 
Means 
Gross photosynthesis 
The responses in gross photosynthesis per plant, per sq. 
dm. leaf area, and per gram leaf dry weight to both tempera­
ture and soil moisture and their interactions followed the 
same trends as the responses in net photosynthesis (Tables 1, 
3 and 5; Figures 4 and 5). 
Figure 3. Net photosynthesis per sq. dm. leaf area of 
Crandon aspen-poplar hybrid in relation to 
temperature and soil moisture. 
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Figure 4. Gross photosynthesis per plant of Crandon 
aspen-poplar hybrid in relation to temperature 
and soil moisture. 
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Figure 5. Gross photosynthesis per sg. dm. leaf 
area and per gram leaf dry weight of Crandon 
aspen-poplar hybrid in relation to temperature 
and soil moisture. 
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Table 5. Gross photosynthesis (mg carbon dioxide 
per hour) per plant of Crandon aspen-poplar 
hybrid in relation to temperature and soil 
moisture. 
Soil Moisture {%) 
Temperature Temperature 
(OC) 9 16 23 30 37 Means 
15-5 17. 10 29. 30 47.77 24. 59 25.30 28.81 
20-10 29. 74 82. 24 67.70 81. 50 60.56 64.35 
25-15 32. 19 110. 97 125.30 92. 52 73.94 86.98 
30-20 30. 82 93. 86 131.66 114. 18 115.18 97.16 
35-25 36. 83 84. 94 81.06 91. 82 99.30 78.79 
Soil 
Moist. 29.34 80.26 90.70 80.94 74.86 71.22 
Means 
Respiration 
Dark respiration 
The temperature by soil moisture interaction effect on 
dark respiration at high carbon dioxide concentration was 
significant (Table 6). At 9 percent soil moisture, dark 
respiration per plant increased with temperatures 15-50 to 30-
200c and then decreased at 35-250c. At the other soil 
moisture levels dark respiration continued to increase but 
the rate of increase decreased. 
Dark respiration increased sharply as soil moisture was 
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Table 6. F-values for respiration variables of Crandon 
aspen-poplar hybrid in relation to temperature 
and soil moisture. 
Dependent Temper- Soil Temperature 
variables ature Moisture x 
soil moisture 
Dark respiration at high carbon dioxide conc. 
Per plant 83.04** 20.48** 2.03* 
Linear 323.81** 32.47** 
Quadratic 5.01* 46.92** 
Cubic 2.48 2.08 
Dark respiration at high carbon dioxide conc. 
Per gr. leaf dry wt. 11.75** 1.49 1.42 
Linear 43.65** 1.57 
Quadratic 0.72 2.25 
Cubic 0.01 0.98 
Dark respiration at low carbon dioxide conc. 
Per plant 77.90** 22.04** 2.03* 
Linear 306.47 30.58 
Quadratic 1.91 56.76** 
Cubic 1.78 0.74 
Dark respiration at low carbon dioxide conc. 
Per gr. leaf dry wt. 8.92** 2.80* 0.91 
Linear 22.27** 2.60 
Quadratic 12.78** 5.30* 
Cubic 0.00 3.19 
Net light respiration at low carbon dioxide conc. 
Per plant 54.07** 10.07** 1.77* 
Linear 215.25** 15.73** 
Quadratic 0.28 23.51** 
Cubic 0.01 0.56 
Net light respiration at low carbon dioxide conc. 
Per gr. leaf dry wt. 3.21* 0.48 0.84 
Linear 0.84 0.19 
Quadratic 10.42** 0.48 
Cubic 0.30 1.19 
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increased from 9 to 16 percent. The magnitude of this re­
sponse increased with increased temperature. There was a 
plateau between 16 and 30 percent at all temperature regimes. 
Then there was a decrease in dark respiration as soil 
moisture level increased further to 37 percent and this re­
duction increased as temperature increased, from 15-5° to 25-
150C then decreased as temperature was further increased to 
30-20° and 35-250C (Tables 6 and 7; Figure 6). 
On a per gram leaf dry weight basis dark respiration at 
high chamber carbon dioxide concentration increased linearly 
throughout the entire temperature range. The differences in 
respiration between different levels of soil moisture was not 
great enough to be statistically significant, but there was 
an apparent trend of linear increase from 9 to 30 percent 
then a decrease at 37 percent. The temperature by soil 
moisture interaction was not significant (Tables 6 and 8; 
Figure 7). 
Dark respiration per plant at low chamber carbon dioxide 
concentration followed the same response to both temperature 
and soil moisture as dark respiration per plant at high 
chamber carbon dioxide concentration, although the absolute 
values of the former were higher (Tables 6, 8, and 9; Figure 
8). However, on a per gram leaf dry weight basis the 
respiratory response to increased temperature at low chamber 
carbon dioxide concentration varied with the respiration 
Figure 6. Dark respiration per plant of Crandon 
aspen-poplar hybrid at high chamber carbon 
dioxide concentration in relation to temperature 
and soil moisture. 
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Figure 7. Dark and light respiration per gram leaf 
dry weight of Crandon aspen-poplar hybrid 
in relation to temperature and soil moisture. 
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Figure 8. Dark respiration per plant of Crandon 
aspen-poplar hybrid at low carbon dioxide 
concentration in relation to temperature 
and soil moisture. 
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Table 7. Dark respiration (mg carbon dioxide per hour) 
per plant at high chamber carbon dioxide 
concentration of Crandon aspen-poplar hybrid 
in relation to temperature and soil moisture. 
Soil Moisture (55) 
Temperature Temperature 
(OC) 9 16 23 30 37 Means 
15-5 4.30 5. 43 7. 35 5. 65 4. 48 5. 44 
20-10 5.96 13. 71 13. 70 13. 98 10. 13 11. 50 
25-15 9.10 23. 49 26. 59 26. 95 17. 79 20. 79 
30-20 16.66 25. 79 28. 66 30. 54 30. 09 26. 35 
35-25 14.35 32. 25 35. 07 33. 42 32. 98 29. 61 
Soil 
Moist. 
Means 
10.07 20. 14 22. 27 22. 11 19. 09 18. 74 
response at high chamber carbon dioxide concentration There 
was little or no variation in respiration at low carbon 
dioxide concentration as temperature increased from 15-50C to 
25-150c. It then increased as temperature increased further 
to 35-250C. Respiration at low carbon dioxide concentration 
increased linearly as soil moisture level increased from 9 to 
30 percent then decreased at 37 percent (Figure 7). 
Net light respiration 
The interaction between temperature and soil moistnrp 
had a significant effect on net photorespiration. At 9 
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Table 8. Dark and light respiration (mg carbon 
dioxide per hour) per gram leaf dry weight 
of Crandon aspen-poplar hybrid in relation 
to temperature and soil moisture. 
Independent 
variable 
Net light 
Dark respiration respiration 
High Low Low 
carbon dioxide concentration 
Temperature (OC) 
15-5 2.46 
20-10 3.13 
25-15 3.06 
30-20 3.99 
35-25 4.54 
Soil moisture (%) 
9 3.10 
16 3,41 
23 3.44 
30 3.90 
37 3.33 
3.57 
3.39 
3.30 
4.00 
4.77 
3.46 
3.63 
4.00 
4.30 
3.64 
2.09 
1.88 
1.46 
1.86 
2.36 
1 . 8 8  
1.79 
2.04 
2.09 
1.86 
m 
Table 9. Dark respiration (mg carbon dioxide per hour) 
per plant of Crandon aspen-poplar hybrid in 
relation to temperature and soil moisture. 
Soil Moisture (%) 
Temperature Temperature 
(OC) 9 16 23 30 37 Means 
15-5 5. 32 5. 84 10.71 7.63 8.20 7. 54 
20-10 7. 78 m. 91 13.52 16.95 10.74 12. 78 
25-15 11. 66 24. 40 28.59 27.50 17.67 21. 96 
30-20 16. 12 27. 23 30.45 32.60 29.20 27. 12 
35-25 16. 04 33. 66 39.30 34.89 33.48 31. 47 
Soil 
Moisture 
Means 
11. 38 21. 21 24.51 23.92 19.86 20. 18 
percent soil moisture the increase in net light respiration 
increased slightly with temperature, giving a little 
curvature upward. As the soil moisture level was increased 
the curvature increased. Moreover, there seemed tc be an 
inflection point at 30-20OC when the soil moisture level was 
increased to 30 and 37 percent (Table 10; Figure 9). 
On a per gram leaf dry weight basis net light 
respiration decreased as temperature increased from 15-5o to 
25-150C then increased. Apparent light respiration per gram 
leaf dry weight did not vary with soil moisture (Table 8; 
Figure 7). 
Figure 9. Apparent light respiration of Crandon 
aspen-poplar hybrid at low chamber carbon 
dioxide concentration in relation to 
temperature and soil moisture. 
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Table 10. Apparent light respiration per plant (mg carbon 
dioxide per hour) of Crandon aspen-poplar 
hybrid at low chamber carbon dioxide concentration 
in relation to temperature and soil moisture. 
Soil Moisture (%) 
Temperature Temperature 
(OC) 9 16 23 30 37 Means 
15-5 2.83 2. 92 4. 62 3. 86 4. 95 3.83 
20-10 3.98 9. 08 7. 50 7. 23 5. 38 6.63 
25-15 6.14 9. 11 11. 66 9. 29 7. 28 8.70 
30-20 7.34 11. 64 11. 28 16. 84 13. 97 12.22 
35-25 9.80 16. 04 17. 45 16. 21 14. 89 14.88 
Soil 
Moisture 
Means 
6.02 9. 76 10. 50 10. 69 9. 29 9.25 
Plant Adaptation to Growth Temperature 
The photosynthesis and respiration rates of plants grown 
at two different temperature regimes were obtained over a 
range of Ps-Rs chamber temperatures. In both groups, net and 
gross photosynthesis peaked at the temperature at which the 
particular plants were grown. The highest net and gross 
photosynthesis were obtained at 30oc in the Ps-Rs chamber for 
those plants grown at 30-20OC in the growth chamber, whereas 
the highest net and gross photosynthesis were obtained at 
2U"C in the Ps-Rs chamber for those plants grown at 20-10oc 
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Table 11. Photosynthesis and respiration (mg carbon 
dioxide per hour) per plant of Crandon aspen-
poplar hybrid in relation to Ps-Rs chamber air 
temperature and growth chamber air temperature. 
Ps-Rs Chamber Photosynthesis Respiration 
Temperature Gross Set Dark Light 
(OC) 
Grown at 30-20OC 
15 85.09 
20 80.68 
25 97.04 
30 105.04 
35 80.35 
Grown at 20-10PC 
15 67.61 
20 78.91 
25 56.39 
30 57.29 
35 37.01 
80.51 9.84 4.58 
73.57 13.34 7.11 
88.95 17.05 8.09 
92.21 26.87 13. 11 
66.40 31.09 13.95 
61.28 12. 10 6.33 
72.91 14.67 6.00 
48.74 16.83 7.65 
45.68 22.14 11.61 
23.05 27.49 13.96 
Figure 10. Gross and net photosynthesis per plant 
at different Ps-Rs chamber temperatures 
of Crandon aspen-poplar hybrid plants 
grown at two different growth chamber 
temperature regimes. 
47 
100 
- 80 
m 
>-
to 
o 
h-
o 3r 
CL 
<c 
Q. 
q: 
Ixl 
Q. 
a: 
=> 
o 
LU . 
Q. 
Q 
LU 
_l 
O 
> 
LU 
CVJ 
o (_) 
en 
60 
40 
20 
0 
Grown at 30-20 C 
Grown at 20-10 
_L 
15 20 25 30 35 
CHAMBER AIR TEMPERATURE,"C 
120 
CO 
k—« 
en 
100 -
80 -
T 
Grown at 30-20 C 
>-
CO 
o 60 
o 
3r 
o. 
^ 40 
CO 
o 
o: 
o 20 
Grown at 20-10 C 
_L _L JL 
15 20 25 30 35 
CHAMBER AIR TEMPERATURE,*C 
48 
(Table 11; Figure 10). A similar response was not observed 
in dark and net light respiration. For the plants grown at 20-
IQOC, dark respiration increased at increasing rate 
throughout the entire temperature range. For those plants 
grown at 30-20OC, dark respiration also increased at increas­
ing rate but only up to 30oc. The rate of increase decreased 
at 350c. In both groups of plants net light respiration in­
creased at increasing rate up to 30OC then the rate of in­
crease decreased at 350C (Figure 11). 
Growth 
Vegetative growth 
Growth in height and stem diameter increased sharply at 
first and then at a decreasing rate, as temperature increased 
from 15-50 to 30-20OC. Growth was less at 35-250 than at 30-
200c. Height and diameter growth responses to soil moisture 
were similar with apparent peaks at 23 percent. Leaf area in­
creased as temperature increased from 15-50 to 25-150c then 
leveled off. It increased sharply as soil moisture increased 
from 9 to 16 percent, increased slightly at 16 to 23 percent, 
then decreased slightly (Tables 12 and 13; Figure 12). 
Dry weight 
Dry weights of roots, stem, leaves, top and total plant 
increased at first siightiy then sharply with increase in 
Figure 11. Dark and apparent light respiration per 
plant at different Ps-Rs chamber temperatures 
of Crandon aspen-poplar hybrid plants grown 
at two different growth chamber temperature 
regimes. 
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Table 12. F-values for growth variables of Crandon 
aspen-poplar hybrid in relation to temperature 
and soil moisture. 
Dependent Temperature Soil Temperature 
variables Moisture x 
Soil moisture 
Height growth 
Total 
Linear 
Quadratic 
Cubic 
69.90** 
20 .26**  
715.73** 
1 .62  
14.40** 
17.43** 
34.22** 
5.38 
1. 18 
Diameter growth 
Total 
Linear 
Quadratic 
Cubic 
40.04** 
109.16** 
49.30** 
0.81 
20.34** 
42.45** 
32.77** 
5.25 
0.94 
Leaf area 
Total 
Linear 
Quadratic 
Cubic 
47.57** 
154.72** 
26.38** 
4.19* 
12.99** 
9.20** 
38.90** 
3.76 
1. 24 
Leaf relative turgidity 
Total 7.43** 10.98** 0. 64 
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Table 13. Vegetative growth of Crandon aspen-poplar 
hybrid in relation to temperature and soil 
moisture. 
Independent Height Diameter Leaf 
variable growth growth area 
(cm.) (mm.) (sg.dm.) 
Temperature (OC) 
15 9.03 1.32 2.64 
20 21.89 2.41 U.47 
25 32.43 3.21 7.99 
30 35.82 3.47 8.46 
35 31.64 3.04 8.15 
Soil moisture (%) 
9 17.81 1.62 4.11 
16 27.91 2.78 2.03 
23 30.95 3.17 7.68 
30 27.53 2.94 6.83 
37 26.60 2.95 6.35 
Figure 12. Vegetative growth of Crandon aspen-poplar 
hybrid in relation to temperature and 
soil moisture. 
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Figure 13. Dry weights in grains of Crandon 
aspen-poplar hybrid in relation to temperature 
and soil moisture. 
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Table 14. F-values for dry weights of Crandon aspen-poplar 
hybrid in relation to temperature and soil 
moisture. 
Dependent 
variables 
Temperature Soil 
moisture 
Temperature 
X 
Soil moisture 
Total plant 
Total 
Linear 
Quadratic 
Cubic 
28 .01* *  
74.87** 
27.18** 
6.49* 
12.95** 
8.16**  
36.31** 
7.35** 
1.45 
Roots 
Total 
Linear 
Quadratic 
Cubic 
15.07** 
33.28** 
16.54** 
9.55** 
12.49** 
0.74 
40.89** 
8.27** 
1.49 
Top 
Total 
Linear 
Quadratic 
Cubic 
32.18** 
89.66** 
29.52** 
4.77* 
12.60** 
12.73** 
31.16** 
6 . 2 8 *  
1.41 
Leaves 
Total 
Linear 
Quadratic 
Cubic 
33,75** 
102.68** 
24.05** 
3.74 
12.47** 
10.83** 
32.82** 
5.95** 
1.43 
Stem 
Total 
Linear 
Quadratic 
Cubic 
25.32** 
57.44** 
33.46** 
5.67* 
10.78** 
13.48 
23.46** 
5.94** 
1 . 2 6  
Top-root ratio 
Total 
Linear 
Quadratic 
Cubic 
8.64** 
17.50** 
3.51 
12.46** 
7.75** 
13.06** 
15.34** 
2.71 
1 . 8 2 *  
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Table 15. Dry weights (grams) of Crandon aspen-poplar 
hybrid in relation to temperature and soil 
moisture. 
Independent Total Roots Top Stem Leaves 
variable 
Temperature (OQ 
15 5.81 1.72 4.09 1.41 2.68 
20 8.39 2.10 6.29 2.19 4,10 
25 14.48 3.51 10.97 3.94 7.03 
30 15.03 3.89 11.14 3.91 7.23 
35 12.95 2.99 9.96 3. 19 6.77 
Soil moisture {%) 
9 6.87 1.69 5.18 1.68 3.50 
16 13.05 3.61 9.44 3.26 6.18 
23 13.99 3.65 10.34 3.56 6.78 
30 11.80 2.88 8.92 3.09 5.83 
37 10.94 2.38 8.56 3.05 5.51 
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temperature from 15-5o to 25-150C, leveled off at 25-^15° to 
30-200C, then decreased. Dry weights also increased sharply 
as soil moisture increased from 9 to 16 percent, increased 
slightly at 16 to 23 percent, then decreased at 23 to 37 
percent (Tables 14 and 15; Figure 13). 
Distribution of Assimilate 
The distribution of assimilate was expressed in dry 
weight top-root ratios and in percentages of total dry 
weight. The temperature by soil moisture interaction was 
again significant and involved a change in magnitude and 
direction of response to temperature as soil moisture level 
was increased. At 9 percent soil moisture, there was a fairly 
sharp increase in top-root ratio as temperature was increased 
from 15-50 to 20-10OC. From 20-10° to 35-250C the top-root 
ratio increased only slightly but at an increasing rate. The 
increase in top-root ratio with increased temperature from 20-
IQo to 35-250C decreased as soil moisture level increased 
from 9 to 16 percent; at 23 percent soil moisture there was 
no change, and at 30 and 37 percent the response curves 
changed directions (Table 16; Figure 14). 
Of the assimilate that went to the top, about two-thirds 
was used for leaf production and one-third for the stem. 
Changes in the distribution of assimilate to the stem and 
leaves as temperature increased were not significant. 
Figure lU. Oven-dry weight top-root ratios of 
Crandon aspen-poplar hybrid in relation 
to temperature and soil moisture. 
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Table 16. Dry weight top-root ratios of Crandon 
aspen-poplar hybrid in relation to temperature 
and soil moisture. 
Soil Moisture [%) 
Temperature Temperature 
(OC) 9 16 23 30 37 Means 
15-5 2.10 1.92 2.44 2.76 3.35 2.51 
20-10 3.06 2.94 3.08 3.43 4.60 3.42 
25-15 3.18 2.66 3.15 4.70 4.22 3.58 
30-20 3.57 2.92 2.87 2.80 3.45 3. 12 
35-25 4.73 3.39 2.98 3.75 3.94 3.76 
Soil 
Moisture 
Means 
3.33 2.77 2.90 3.49 3.91 3.28 
However, a trend was evident. As temperature increased from 
15-50 to 25-150c the percentage of the assimilate used for 
stem production increased a little and the amount used for 
leaf production correspondingly decreased slightly. As tem­
perature was further increased from 25-150 to 35-250c there 
was a shift in the distribution; the amount used for stem 
decreased and the amount used for leaf production increased. 
The changes in assimilate distribution as soil moisture level 
increased were also not large enough to be significant. How­
ever, there was again an apparent trend. As soil moisture 
level increased from 9 to 37 percent the assimilate that went 
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Table 17. Distribution of assimilate (percent total dry 
weight of Crandon aspen-poplar hybrid in 
relation to temperature and soil moisture. 
Dependent Roots Top Stem Leaves 
variable {%) {%) {%) {%) 
Temperature (OC) 
15-5 29.60 70.40 34.47 65.53 
20-10 25.03 74.94 34.82 65.18 
25-15 24.24 75.76 35.92 64.08 
30-20 25.88 74.12 35.10 64.90 
35-25 23.09 76.91 32.03 67.97 
moisture (%) 
9 24.60 75.40 32.43 67.57 
16 27.60 72.34 34.53 65.47 
23 26.09 73.91 34.43 65.57 
30 24.41 75.59 34.64 65.36 
37 21.76 78.24 35.63 64.37 
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to the stem increased slightly and the assimilate that went 
to the leaf correspondingly decreased slightly (Table 17). 
Leaf Water Content 
Relative turgidity increased sharply as temperature in­
creased from 15-50 to 20-100C then gradually from 20-10° to 
35-250C. It increased sharply as soil moisture level 
increased from 9 to 23 percent then decreased slightly with 
further increase in soil moisture level (Tables 12 and 18; 
Figure 15). 
Figure 15. Leaf relative turgidity in percent 
of Crandon aspen-poplar hybrid in relation 
to temperature and soil moisture. 
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Table 18. Leaf water content {relative turgidity, RT) of 
Crandon aspen-poplar hybrid in relation to 
temperature and soil moisture. 
Temperature RT Soil RT 
moisture 
(OC) {%) (%) {%) 
15 85.30 9 84.76 
25 88.57 23 89.'46 
20 87.89 16 87.55 
30 89.15 30 89.30 
35 89.40 37 89.24 
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DISCUSSION 
Photosynthesis 
Temperature 
Net photosynthetic capacity (photosynthesis per plant) 
increased at first sharply then gradually with increased tem­
perature from 15-5® to 30-20OC, then decreased. The differ­
ences could have been due to differences either in 
photosynthetic efficiency (photosynthesis per unit leaf area 
or unit weight) or in photosynthetic surface area. When the 
responses to temperature in photosynthetic capacity and 
photosynthetic efficiency were compared it was obvious that 
they differed. Photosynthetic efficiency peaked at 20-1O^C 
and photosynthetic capacity peaked at 30-200C. On the other 
hand, the leaf area response corresponds closely to the 
photosynthetic capacity response. Therefore, the response in 
photosynthetic capacity is more likely to be related to the 
increased photosynthetic surface area than to photosynthetic 
efficiency. 
The changes with treatments observed in photosynthetic 
efficiency suggest that there were differences either in 
anatomy or biochemistry or both among the plants produced 
under different soil moisture and temperature regimes. The 
anatomy of-the leaves «as not examined in this study. In 
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Scotch pine, however, Schultz (1970) found decreasing per­
centage of photosynthetic tissue per needle cross-sectional 
area as temperature increased from 15° to 250C day tempera­
ture. If this result holds for aspen-poplar hybrid it would 
explain a portion of the photosynthetic efficiency response. 
Schultz also found an increased number of stomates per needle 
cross-sectional area with increased temperature. If the num­
ber of stomates also increased in aspen-poplar hybrid with 
increased temperature, this would have favored a greater 
photosynthetic efficiency. Instead of an increase in 
photosynthetic efficiency, however, the result in the present 
study showed that photosynthetic efficiency actually 
decreased with increased temperature from 20-100 to 35-250c. 
Perhaps the number of stomates was not as important as the 
other factors. It is interesting to note that photosynthetic 
efficiency decreased with increased temperature from a peak 
at 20-10OC to a minimum at 35-250C yet photosynthetic 
capacity increased from 20-10° to 30-20OC. The increased 
photosynthetic surface area due to increased temperature may 
have offset the decrease in photosynthetic efficiency so that 
photosynthetic capacity increased. Also increased leaf area 
produced greater mutual shading of leaves, thus decreasing 
average photosynthetic efficiency. 
Photosynthesis was measured at the same temperatures at 
which the plants were grown yet the rates of photosynthesis 
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(per unit leaf area or weight) varied inversely with 
increased temperature except in the lowest temperature 
regime. Apparently the direct effect of temperature on 
photosynthesis was masked by the response to temperature in 
plant size. Thus the direct effect of temperature could not 
be determined. Photosynthesis per unit leaf area or weight 
should at least have been slightly increased, even if 
photosynthetic efficiency was actually the same between 
treatments, because of the direct effect of temperature on 
photosynthesis. The direct effect of temperature on 
photosynthesis may be determined by measuring photosynthesis 
of individual plants at several different temperatures. The 
supplemental study, conducted to determiine the direct effect 
of temperature on photosynthesis, showed that the plants were 
adapted closely to their growth temperatures. For each group 
of plants, photosynthesis was maximum at the temperature at 
which they were grown. For each plant, measurements were ob­
tained on different days for different temperatures, and each 
plant was pre-conditioned for at least 60 minutes in the Ps-
Rs chamber before gas-exchange was recorded. Apparently this 
was not sufficient time for the plant to adapt to the new 
temperature regime. It would be interesting to find out how 
long the plant should be exposed to a new temperature before 
it regains its previous maximum photosynthetic rate. 
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Soil moisture 
Photosynthetic capacity also varied with soil moisture. 
It increased slightly as soil moisture level decreased from a 
high of 37 percent to 23 percent, then decreased as soil 
moisture level further decreased, first gradually from 23 to 
16 percent, then sharply from 16 to 9 percent. This response 
was apparently due to increased leaf area and, unlike the re­
sponse to temperature, to increased photosynthetic efficiency 
of the leaves. The differences in photosynthetic efficiency 
were probably due partly to differences in leaf water content 
between soil moisture levels. Relative turgidity decreased 
sharply as soil moisture fell below 23 percent. It also 
decreased but only slightly as soil moisture level increased 
above 23 percent. The relative turgidity and photosynthetic 
efficiency responses to soil moisture correspond closely in­
dicating a close relationship between them. The observed dif­
ferences in leaf area probably are due also to differences in 
leaf water content between soil moisture treatments. Leaf 
water content directly affects leaf growth. Under conditions 
of low leaf water content cell turgor is decreased with a re­
sultant decrease in cell division and cell enlargement. 
In Scotch pine, percent photosynthetic tissue per needle 
cross-sectional area decreased with increasing available soil 
moisture from 0 to 100 percent- Also the number of stomates 
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per needle cross-sectional area increased with increased 
available soil moisture level from 0 to 100 percent (Schultz 
1970). If this result in Scotch pine holds for aspen-poplar 
hybrid, the decrease in percent photosynthetic tissue would 
not explain the differences in photosynthetic efficiency. The 
increased number of stomates, however, would explain the var­
iation in photosynthetic efficiency. The number of stomates 
becomes particularly important when stomatal aperture is 
restricted, as it should be when the leaf is subjected to 
water stress (Kramer 1969). In moving air in the growth and 
Ps-Rs chambers, where the leaf boundary air layer resistance 
is very small, stomatal resistance is important because the 
effect of changes in stomatal aperture on diffusion is very 
large. Small reductions in stomatal apperture cause drastic 
increases in stomatal resistance which results in a drastic 
reduction in carbon dioxide diffusion (Bange 1953). But when 
the number of stomates per unit leaf area is increased due to 
increases in soil moisture level, greater diffusion of 
carbon dioxide would be possible. 
The mechanism by which reduced leaf water content 
reduces photosynthetic efficiency has not been completely ex­
plained although two possible explanations have been much 
discussed; the dehydration of protoplasm and increased 
resistance to carbon dioxide transport. Some evidence for the 
dehydration hypothesis comes from experiments in aquatic and 
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in certain lower terrestial species that lack stomata. Since 
stomata are lacking, the reduction in photosynthesis associ­
ated with increased water stress must have been caused by 
dehydration (Ensgraber 1954; Greenfield 1942). Boyer (1965) 
found differences in photosynthesis of cotton plants grown in 
solutions of different osmotic potential. Since the stomata 
remained open in all plants, Boyer attributed the reduction 
in photosynthesis to decreased hydration of the protoplasm 
due to low water potential. The increased resistance to 
carbon dioxide diffusion is due to either decreased stomatal 
apperture, or to increased mesophyll resistance or to both. 
Closed stomata due to high water stress would restrict 
entrance of carbon dioxide to the leaf reducing the rate of 
photosynthesis. However, if the stomata are not entirely 
closed, the degree of opening may have little, if any, effect 
on carbon dioxide diffusion from outside to inside the leaf. 
Penman and Schofield (1951) studied the physical aspects of 
carbon dioxide diffusion. They regard the stomata as having 
little to do with carbon dioxide diffusion unless they are 
entirely closed. They considered the resistance to carbon 
dioxide diffusion to take place within the mesophyll cells 
rather than in the gaseous pathway to these cells. Gaastra 
(1959) and Shimshi (1963) showed that mesophyll resistance 
may be an important rate limiting factor in photosynthesis. 
In turn, mesophyll resistance may be influenced by water 
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stress through dehydration of the cell membranes which 
reduces their permeability to carbon dioxide (Brix 1962; 
Gaastra 1959) . 
The decrease in photosynthesis as soil moisture level 
decreases is well documented but the pattern of decrease var­
ies with species. In this study both photosynthetic capacity 
and photosynthetic efficiency decreased slowly at first as 
soil moisture level decreased from 23 percent and then more 
rapidly as the permanent wilting point was approached. This 
pattern was similar to those obtained for sweetgum (Borman 
1953; Zobel 1965), pecan (Loustalot 1945), loblolly pine and 
oak (Kozlowski 1949). In some studies of photosynthesis in­
creased a little as soil moisture began to decrease from an 
initially very high level. For example, in loblolly pine, as 
soil moisture began to decrease, a small increase in 
photosynthesis was observed befofe it began to decrease with 
the lower soil moisture levels (Brix 1962). This same pheno­
menon was observed in this study. Photosynthetic capacity and 
photosynthetic efficiency increased a little as soil moisture 
decreased from an initial high of 37 percent to 23 percent. 
Stalfelt (1935) attributed this to increased stomatal 
aperture following a small loss of turgor of the leaf cells. 
In the present study it is suggested that the small increase 
in photosynthesis was due to a greater turgor pressure at 23 
percent soil moisture. This is corroborated by the relative 
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turgidity response to soil moisture. As soil moisture 
decreased from 37 to 23 percent there was a small increase in 
relative turgidity. This was probably due to poor soil 
aeration in the higher soil moisture levels which reduced ab­
sorption rate below transpiration. 
The response in photosynthetic capacity in the present 
study agreed with the findings of Smith (1968) who studied 
the response in photosynthesis, respiration, and distribution 
of assimilate to soil moisture and clone of aspen-poplar 
hybrid. However, he found a different response in 
photosynthetic efficiency. Plants in Smith's study subjected 
to the lowest soil moisture level (near the permanent wilting 
point) were most efficient. Efficiency then decreased to 32 
percent soil moisture which was near pot "field capacity", 
and then increased slightly above "field capacity". 
Photosynthetic efficiency varied inversely with plant size. 
The bigger the plant the lower was its photosynthetic effi­
ciency. Smith suggested two explanations for this response. 
One was greater production of leaf non-photosynthetic tissue 
in the bigger plants. This is unlikely considering the find­
ings in Scotch pine by Schultz (1970) . His other explanation 
was the greater mutual shading of the leaves in the bigger 
seedlings. It is suggested that the latter cause was more im­
portant. Maximum efficiency of the Ps-Rs chamber requires 
that the plant be centered in the chamber barrel and 
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vertically erect, because of the position of the light 
source. This requirement was met in the present study except 
in a few over-grown plants which required bending inside the 
chamber. In Smith's study it was impossible to center and 
keep the plants vertical since they grew in a slanting posi­
tion from planted stem cuttings. This undoubtedly led to a 
greater mutual shading of the leaves in the larger plants. 
The temperature and soil moisture effects were not inde­
pendent of each other. For example, the response to increased 
temperature was limited by low soil moisture so that the re­
sponse to temperature increased when soil moisture level was 
increased. Similarly the response to soil moisture was limit­
ed by low temperature and increased as temperature increased. 
A combination of low temperature and low soil moisture level 
effected a very much reduced rate of photosynthesis per 
plant. At the other extreme a moderately high level of one 
factor had an alleviating effect on the negative effects of 
the other. For example, at 35-250C, photosynthesis was high­
est at 37 percent soil moisture. At 37 percent soil moisture 
photosynthesis was highest at the 30-20®C temperature. 
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Respiration 
Dark and light respiration compared 
It was assumed, until recently, that respiration in the 
dark and respiration in the light are one and the same proc­
ess, and hence proceed at the same rate when other conditions 
are the same, and that the carbon dioxide produced in the 
light is entirely reassimilated. Thus gross photosynthesis 
was usually calculated as the absolute sum of net 
photosynthesis and dark respiration (Dykstra and Gatherum 
1967; Gatherum, et al., 1967a; 1967b; Gordon and Gatherum 
1968; 1969; Schultz 1968; 1970; Smith 1968; 1970). In the 
last decade, however, evidence contrary to both assumptions 
has been accumulating. The evidence presented in two exten­
sive reviews on the subject that have appeared recently 
(Goldsworthy 1970; Jackson and Volk 1970) has definitely es­
tablished that not only are the rates different but also the 
processes and pathways involved are different. The informa­
tion that follows is derived mostly from these reviews. 
In dark respiration carbon dioxide is evolved in a se­
ries of reactions that takes place mostly in the 
mitochondria. In light respiration (or photorespiration), on 
the other hand, carbon dioxide is evolved in a series of re­
actions that takes place first in the chloroplast- then in 
the peroxisome, then outside both chloroplast and peroxisome 
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where the actual release of carbon dioxide, together with 
serine, takes place. Glycolate, the substrate of 
photorespiration, is apparently produced in the chloroplast 
either from current intermediates of photosynthesis or from 
products stored from previous periods of photosynthesis 
(Goldsworthy 1970). Production of glycolate from carbohydrate 
is possible only in light and it increases with increased 
light intensity. It is also stimulated by high oxygen and low 
carbon dioxide concentrations. The glycolate produced in the 
chloroplast apparently goes to the peroxisome and is 
metabolized there into glycine which, in turn, is 
metabolized outside the peroxisome and results in the 
evolution of carbon dioxide and the formation of serine. 
Serine is converted back to carbohydrate, in a series of re­
actions that takes place first outside, then finally inside, 
the chloroplast (Goldsworthy 1970; Jackson and Volk 1970). It 
is in this conversion of serine back to carbohydrate where 
considerable amount of energy (ATP, NADPH) is used. Since no 
energy is produced anywhere in the cycle, Goldsworthy (1970) 
characterized the whole cycle as a wasteful process. Carbon 
dioxide is lost and energy is used up to remove glycolic 
acid, an unwanted intermediate of photosynthesis. 
Gross photorespiration is definitely faster than dark 
respiration- A portion of thp nhm+mrcenira+nry carbon 
dioxide, however, before going out of the leaf, is 
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reassimilated. The fact that the net photorespiration 
observed in the present study was not zero indicates that 
refixation of photorespiratory carbon dioxide was not com­
plete. This is in agreement with most studies on high carbon 
dioxide compensation point species. Reassimilation, however, 
is usually great, so that the amount of the carbon dioxide 
that finally comes out of the leaf in a carbon dioxide-free 
air is very much reduced, usually to the extent that 
photorespiration rate becomes lower than the dark respiration 
rate. For example, in the present study, the rate of net 
photorespiration in aspen-poplar hybrid was very much lower 
than the dark respiration rate. This is the net 
photorespiratory rate since the gross rate must be corrected 
for the amount refixed. Similar results have been obtained by 
El-Sharkawy, et al. (1967) in Helianthus annus, Beta 
vulgaris, and two species of Gossypium. 
In aspen-poplar hybrid the light and dark respiration 
responses to soil moisture are different. Dark respiration 
per gram leaf dry weight increased with increased soil 
moisture from 9 to 30 percent then decreased whereas net 
photorespiration per gram leaf dry weight was not affected by 
the levels of soil moisture. The responses of dark and light 
respiration to temperature were similar. 
What portion of net photorespiration is due to dark 
respiration processes is not known. There is evidence that 
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weak illumination curtails the dark respiration process and 
simultaneously initiates light-dependent photorespiration 
(Fock and Egle 1966; Forrester, et al. 1966; Poskuta 1968a; 
1968b; Poskuta, et al. 1967; Tregunna, et al. 1966). Carbon 
dioxide (Hew, et al. 1969; Holmgren and Jarvis 1967) and oxy­
gen (Govindjee, et al. 1963; Hoch, et al., 1963) measurements 
indicate that dark respiration exceeds photorespiration at 
low light intensities but that as light intensity increases 
photorespiration is accelerated and dark respiration de­
creases and eventually ceases. Jackson and Volk (1970) state 
that this observation is in accord with the concept that low 
light is sufficient to curtail dark respiration while the 
initiation of photorespiration reguires a higher light inten­
sity and is responsive to increasing rates of photosynthesis. 
Another indication that dark respiration is inhibited in 
light is the fact that in low carbon dioxide compensation 
point species no carbon dioxide is evolved during 
illumination (Jackson and Volk 1970) . 
A complicating factor in the measurement of 
photosynthesis and photorespiration is the effect of high 
carbon dioxide concentration during photosynthesis. High 
carbon dioxide concentration inhibits dark respiration, pre­
sumably through its effect on the carbon dioxide diffusion 
rate. High carbon dioxde concentration- on the otH^r hand, 
inhibits photorespiration by inhibiting the synthesis af its 
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substrate, glycolate. Yet glycolate synthesis increases with 
increasing light intensity and is dependent upon the produc­
tion of photosynthate which, in turn, is stimulated by high 
carbon dioxide concentration. Obviously, neither dark 
respiration nor light respiration, measured with methods 
presently known, yield values which when added to net 
photosynthesis give a satisfactory estimate of gross 
photosynthesis. Adding light respiration to net 
photosynthesis, however, should give a better estimate of 
gross photosynthesis than when dark respiration is added to 
net photosynthesis. 
Dark respiration 
High and low carbon dioxide concentration compared. Dark 
respiration was measuted under conditions of both high and 
low carbon dioxide concentrations in the Ps-Rs chamber. The 
dark respiration taken at low chamber carbon dioxide concen­
tration was intended for comparison with light respiration. 
The absolute values of dark respiration at low carbon dioxide 
concentration were slightly higher than those at high carbon 
dioxide concentration. This most probably was due to the 
reduced outward diffusion rate of respiratory carbon dioxide 
when atmospheric carbon dioxide concentration was high. The 
responses of dark respiration to soil moisture under both 
conditions of high and low carbon dioxide concentration were 
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similar. The responses to temperature under both conditions 
were also similar on a per plant basis. On a per gram leaf 
dry weight basis dark respiration response at low carbon 
dioxide concentration varied with the response at high carbon 
dioxide concentration. In the former, the rate was slightly 
higher at 15-50 than at 20-10OC. This is difficult to explain 
but perhaps it was related to the effect of temperature on 
the equilibrium between starch and sugars. The conversion of 
starch to sugars has been known to occur in certain cases 
when temperature is lowered (Meyer, et al. 1960; Salisbury 
and Boss 1969). Although this has been observed only in 
potato tubers and certain fruits, it is possible that 
degradation of starch formed in leaf chloroplasts also occurs 
when it is subjected to low temperature. The higher sugar 
content would cause a more rapid respiratory release of 
carbon dioxide. The fact that a higher respiration rate at 15-
50c at high chamber carbon dioxide concentration was not ob­
served would be due to the effect of carbon dioxide concen­
tration on carbon dioxide diffusion. The decreased carbon 
dioxide diffusion due to high carbon dioxide concentration 
would offset the increased respiration rate due to increased 
sugars. 
temperature. Dark respiration at high carbon dioxide 
concentration per gram leaf dry weight increased linearly 
with temperature. Dark respiration per plant increased, first 
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slightly then sharply, as temperature increased from 15-5o to 
25-150C then increased only slightly again as temperature was 
further increased to 35-250C. Both increasing leaf production 
and the increased rate of respiration could account for the 
increasing rate of increase in respiration per plant as tem­
perature increased from 15-5* to 25-150C. In the upper por­
tion of the temperature range the reduction in leaf produc­
tion could account for the decreasing rate of increase in 
respiration per plant. 
The chemical reactions in dark respiration are all tem­
perature-dependent. The diffusion of carbon dioxide is a 
physical process and therefore increases with increasing tem­
perature. The whole process of dark respiration is therefore 
very sensitive to temperature increases. The linear increase, 
in this study, in respiration per gram leaf dry weight shows 
this direct effect of temperature on dark respiration. This 
result agrees with those of Decker (1944) who found that dark 
respiration for both loblolly and red pines increased linear­
ly with temperature increases from 20° to 400C. It should be 
pointed out, however, that respiration rates in the 
present study were obtained at the same temperature levels 
as those in which the plants were grown. When respiration was 
measured for each plant at different temperatures the re­
sponse was slightly different. Rather than responding linear­
ly, respiration actually increased at an increasing rate with 
temperature from 15° to 35dc for the plants grown at 20-10OC 
and from 15° to BQOC for the plants grown at 30-20OC. In the 
latter group the increase in dark respiration from 30^ to 
350c was not as great as the respiration increase in the 
lower temperatures. This pattern was similar to that for 
Pir.us cembra reported by Tranguillini (1955) as redrawn by 
Kramer (1958). The decrease in rate of increase from 30° to 
350c in the plants grown at 3Û-200C was probably due to the 
so-called "time factor". When a plant is exposed to a high 
temperature its respiration rate will proceed at a high rate 
corresponding to the normal high rate of the chemical reac­
tions for that temperature. When left at that high tempera­
ture for any length of time, however, the respiration rate 
will decline. This "time factor" has been attributed to the 
time required by factors leading to denaturation of 
respiratory enzymes to exert their adverse effect (Devlin 
1969). Another explanation has also been advanced. Although 
oxygen and carbon dioxide diffusion into tissues is stimu­
lated at moderately high temperatures, the QIO for this 
physical process is not as great as the QIO for the chemical 
reactions of respiration. Therefore, the actual supply of 
oxygen into tissues may not be great enough to keep pace 
with the high rate of the chemical reactions of dark 
respiration (Salisbury and Ross 1969). 
In the supplemental study, the plants were pre­
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conditioned for 60 minutes in the Ps-Rs chamber. Apparently 
the "time factor" for the plants grown at high temperature 
was shorter than this time period. This is not a surprise be­
cause the plants were grown at high temperature and the 
constancy of their environment was interrupted only when they 
were transferred from the growth chamber to the Ps-Rs 
chamber. 
It is suggested that the curvilinear response that is 
often observed is a respiration response to temperature 
unaffected by a "time factor". The straight line response ob­
served when respiration was measured at the temperature at 
which the plants were grown represents the temperature effect 
minus the "time factor" effect. 
Soil moisture 
As in temperature, the responses to soil moisture of 
dark respiration under low and high atmospheric carbon 
dioxide concentration were similar both on per plant and per 
unit dry weight of leaves bases. Dark respiration per plant 
was about the same for soil moisture levels from 16 to 30 
percent. At 37 percent dark respiration dropped slightly and 
sharply at 9 percent. At low carbon dioxide concentration 
dark respiration per gram leaf dry weight increased as soil 
moisture increased from 9 to 30 percent then decreased. At 
high carbon dioxide concentration no significant differences 
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were observed between soil moisture levels but a definite 
trend, the same as the trend of respiration at low carbon 
dioxide concentration, wan evident. The change in dark 
respiration per gram leaf dry weight could account for the 
dark respiration per plant response from 16 to 37 percent but 
could not account for the very sharp drop at 9 percent. 
Instead it was probably related to the great reduction in 
leaf weight at this soil moisture level. Leaf water content 
apparently did not affect dark respiration per gram leaf dry 
weight but affected respiration per plant through its effect 
on leaf production. 
The literature is not clear concerning the response of 
dark respiration to soil moisture. In most experiments dark 
respiration decreases steadily with increasing water stress 
(Kramer 1969). In the present study there was a small but 
apparent trend of increasing dark respiration per gram leaf 
dry weight with increasing soil moisture from 9 to 30 
percent. This was probably related to increased substrate 
from photosynthesis. At 37 percent respiration per gram leaf 
dry weight decreased. As in photosynthesis, this is probably 
related to aeration difficulties. In apple trees, respiration 
increased sharply within three days after water was withheld, 
then less sharply thereafter until rewatered on the eight day 
(Schneider and Childers 1941). In other experiments, a tempo­
rary increase in respiration was observed (Brix 1962; Parker 
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1953). Brix (1962) attributed this to an increase in 
substrate caused by hydrolysis of starch to sugars. The 
hydrolysis of starch to sugars has been observed in some 
plants subjected to water stress, e.g., in apple (Magness, et 
al. 1935). 
The significant interaction was due to the modifying ef­
fect of soil moisture on the response of respiration to tem­
perature. The response to temperature was maximum at the most 
favorable soil moisture level, 30 percent. Temperature did 
not seem to influence the response in respiration to soil 
moisture; the response to soil moisture was about the same 
regardless of the temperature regime. 
Net light respiration 
Temperature. Apparent photorespiration per plant in­
creased linearly with increased temperature. The increasing 
leaf weight in the lower portion of the temperature range 
could account f6r the response to temperature in net 
photorespiration. In the upper portion of the temperature 
range leaf weight decreased but apparent photorespiration in­
creased indicating that the direct effect of temperature on 
the component processes of light respiration was probably 
more important. On a per gram leaf dry weight basis apparent 
photorespiration decreased slightly as temperature increased 
from 15-50 to 25-150C then decreased. This was similar to the 
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response in dark respiration at low carbon dioxide concentra­
tion. 
In the supplemental study, apparent photorespiration in­
creased, at first slightly then sharply, with increase in 
temperature up to 30OC. At 300C the rate of increase 
decreased. This response is consistent with results obtained 
for other species. Gross photorespiration is greatly stimu­
lated by increased temperature as indicated by studies of 
glycolate metabolism in tobacco. Leaf disks infiltrated with 
glycolate-1-C*• released C** in the light to carbon dioxide-
free atmosphere up to four times faster at 35° than at 250C. 
when photorespiration was inhibited with alpha-hydroxy-
sulfonates, apparent photosynthesis increased considerably 
more at 35° than at 25oc indicating greater photorespiration 
at 350 than at 250C (Zelitch 1966; 1968). This greatly in­
creased rate of gross photorespiration with increasing tem­
peratures was shown in the net photorespiration response of 
aspen-poplar hybrid from 15° to 30*0 in the supplemental stu­
dy. At 350c, however, the rate of increase decreased. This is 
probably due to increased reassimilation of photôrespiratory 
carbon dioxide. Zelitch (1968) presents evidence that 
relatively low values of photorespiration at 350C and above 
may in fact reflect increased refixation of photorespiratory 
carbon dioxide. 
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Soil moisture. Apparent photorespiration increased 
sharply as soil moisture increased from 9 to 16 percent, then 
leveled off at 16 to 30 percent, and decreased at 37 percent. 
There was no variation in apparent photorespiration per gram 
leaf dry weight with increased soil moisture levels. The lack 
of response of net photorespiration per gram leaf dry weight 
to soil moisture levels was probably due also to increased 
reassimilation of photorespiratory carbon dioxide at the 
higher soil moisture levels. This lack of response to soil 
moisture indicates that the response per plant was mainly re­
lated to leaf weight. This is corroborated by the fact that 
leaf dry weight response corresponds to the net 
photorespiration per plant response. 
The significant interaction occurred due to the limiting 
effect of one factor on the response to the other factor and 
vice versa. Maximum response to temperature occurred at 23 
and 30 percent soil moisture. At higli temperature, net 
photorespiration increased sharply at soil moisture levels 9 
to 23 percent but at 30 and 37 percent the increase was 
reduced. This indicates a depressing effect of high soil 
moisture level on the response of net photorespiration to 
high temperature. 
Leaf Water Content 
Leaf relative turgidity increased sharply as tempera­
ture increased from 15-50 to 20-10OC then gradually from 20-
IQo to 35-250C. This response does not agree with results in 
other studies on other species. In Scotch pine, relative 
turgidity decreased sharply as temperature increased from 15° 
to 250c then increased as temperature was further increased 
to 30OC (Schultz 1970). Obviously, the increasing evaporative 
demand of the atmosphere due to increased temperature from 
150 to 250c played a greater role in determining leaf water 
content than any other factor. The increase in relative 
turgidity at 300C was probably due to reduction in water loss 
in transpiration due to partial closure of the stomata. The 
response in the present study, on the other hand, may be due 
to a greater role of the effect of increasing temperature on 
water, uptake than water loss. Low soil temperature reduces 
water uptake by decreasing the rate of water movement in the 
roots and from the soil to the root surface, tTie permeability 
of root cells, the viscosity of the protoplasm, the metabolic 
activities of root tissues, and by retarding root growth 
(Kozlowski 1955; 1964; Kramer 1969) Reductions in water 
uptake due to low soil temperature have heen observed in 
citrus (Bialoglowski 1936), loblolly pine (Kramer 19U2), and 
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in many vegetable crops {Kuiper 1964). The rate of water 
movement from the soil to t^e root surfaces was probably 
reduced at least in the stressed pots. Some or all of these 
effects probably contributed, in the present study, to a 
slower water uptake relative to water loss by transpiration 
at 15-50C resulting in a very low relative turgidity. As tem­
perature was increased, these adverse effects of low tempera­
ture were alleviated resulting in increasing water uptake 
which resulted, in turn, in higher relative turgidities. As 
temperature was further increased to 35-250C water loss in 
transpiration due to increased evaporative demand of the at­
mosphere should have played a greater role so that relative 
turgidity should have decreased. However, it continued to in­
crease slightly. Stalfelt (1962) studied the effects of tem­
perature on stomatal opening. He found that stomatal aperture 
increased with increase in temperature but a decrease in 
opening took place at high temperatures. In the present stu­
dy, the moderately high temperature of 350C probably reduced 
stomatal aperture restricting water loss and resulting in a 
still high relative turgidity. 
Soil moisture 
Relative turgidity increased sharply as soil moisture 
increased from 9 to 23 percent and then decreased. Obviously 
this was related more to reduced water uptake at lower soil 
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moisture levels than to water loss. The reduced water uptake 
was related mainly to reduced root growth as indicated iii the 
dry weight top-root ratio although the effect of low tempera­
ture on the movement of water and on the properties of the 
root cells probably also contributed. At 9 percent soil 
moisture root growth was small relative to top growth. As 
soil moisture increased from 9 to 23 percent root growth in­
creased more than the top growth. This increased root growth 
resulted in increased water uptake due to greater absorbing 
surface which, in turn, increased the relative turgidity. The 
slight redaction in relative turgidity at jO and 37 percent 
soil moisture resulted from reduced water uptake due to 
reduced aeration of the soil in these high soil moisture 
levels. When aeration is deficient oxygen deficiency and 
toxicity due to high carbon dioxide concentration and second­
ary products of anaerobic respiration decrease root permea­
bility and metabolism and consequently reduce water uptake 
(Bergman 1959; Kramer 1956) . Unlike the response to tempera­
ture, this response to soil moisture agreed with results ob­
tained in most other studies (Harms 1969; Schultz 1970; Smith 
1970)8 including the study by Smith (1968) on the same aspen-
poplar hybrid. 
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Distribution of Assi-milate 
A change in the top-root ratio of a plant that is 
subjected to treatments indicates a greater effect of the 
treatments on one part over the other. In the present study, 
both temperature and soil moisture treatments caused some 
changes in the top-root ratio. 
Temperature 
Top-root ratio increased with temperature. This indi­
cates a greater response in top weight than root weight to 
temperature increases. In other words top weight was reduced 
more than root weight by decreasing temperature. 
When temperature is favorable, a favorable distribution 
of assimilate prevails. As temperature is reduced, however, 
the top and the roots begin to compete for the growth factors 
such as photosynthate, water, and minerals. Water uptake is 
reduced and the roots and top compete for the water taken up. 
Since the top is farther than the roots from the source, less 
water reaches the top than the roots. This is evident from 
the relative turgidity response to low temperature in the 
present study. Thus water becomes more limiting to top growth 
than to root growth. Similarly, the top and the roots compete 
for the reduced photosynthate production. Since the roots are 
farther from the source, less photosynthate reaches the roots 
and thus become more limiting to root growth than to top 
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growth. Therefore, as Loomis (1953) stated, root growth tends 
to be limited by supplies of carbohydrates from the top and 
shoot growth tends to be limited by water and minerals taken 
through the roots. 
The consequence of the reduced water uptake due to low 
temperature is a check in top growth. Also, top growth is di­
rectly affected adversely by low temperature. Reduction in 
top growth, in turn, reduces photosynthate consumption in the 
top and therefore, although the top should compete better 
than the roots for photosynthate, relatively more 
photosynthate actually becomes available for root growth 
(Wardlaw 1968). Therefore, the roots suffer less than top 
growth from reduced temperature and this causes a decreasing 
top-root ratio as temperature becomes lower. Brouwer (1962) 
attributed the increasing top-root ratio with increasing tem­
perature to a lower optimum temperature for root growth than 
the optimum for shoot growth. Brouwer's data, however, was 
for grasses. In the present study, no difference in optimum 
temperature was observed between the roots and the top. 
Stem weight decreased more than leaf weight as tempera­
ture decreased from 25-150 to 15-50C and the reverse was true 
at 30-20OC and 35-250C. This was probably related to two fac­
tors. One is the low activity of the shoot. When the apex is 
active it takes precedence over the other meristems in 
photosynthate distribution (Wardlaw 1968) but when tempera­
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ture is reduced its activity is reduced and its ability to 
compete for photosynthate is reduced- The other factor is the 
reduced photosynthate supply. A greater proportion of this 
photosynthate would be used by the developing leaves and the 
amount left for the stem and the roots is correspondingly 
decreased. 
Soil moisture 
The distribution of assimilate varied also with soil 
moisture. Dry weight top-root ratio decreased as soil 
moisture increased from 9 to 16 percent. This was due to a 
greater reduction in root growth at severe soil water stress 
than the reduction in top growth. This was probably related 
to reduced translocation due to severe plant water stress, as 
evidenced by the very low relative turgidity, of the already 
low total photosynthate production. In yellow poplar, Roberts 
(1964) exposed plant leaves at different leaf water stresses 
to carboni* dioxide and detected the radioactive carbon at 
different parts of the plant after four hours. He found that 
the amount of radiocarbon translocated out of the leaves, the 
rate of translocation, and the distance it was translocated 
were drastically reduced as leaf water stress increased from 
a water deficit of 5 to 20 percent. In the present study, 
more assimilate went to the roots as severe soil moisture 
stress was slightly alleviated by an increase in soil 
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moisture level to 16 percent. This caused a reduction in the 
top-root ratio at this soil moisture level. At 16 to 37 
percent top-root ratio again increased, indicating a greater 
increase in top weight than root weight. This was probably 
related to the stimulation of shoot activity by increasing 
soil moisture. The increased shoot activity increased its de­
mand for photosynthate which took precedence in the 
assimilate distribution (Wardlaw 1968). Not only did shoot 
elongation compete better than the roots, it also competed 
better than the leaves. Although the effect of different soil 
moisture levels on distribution of assimilate between the 
leaves and the stem was not great, a definite trend was 
evident. An increasing percentage of the assimilate that 
remained in the top was used for stem production and a corre­
spondingly decreasing percentage was used for leaf production 
as soil moisture increased. 
Growth 
Growth, as expressed in dry weight, is determined by the 
relative rates of photosynthesis (production) and respiration 
(loss). The difference between these two processes is net 
photosynthesis (net production). Thus dry weight is directly 
related to net photosynthesis. The increase in dry weight and 
its distribution results in an increase in height and 
diameter of the tree (Bordeau 1958). This explains the simi-
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larity of all the growth responses to temperature and to soil 
moisture to the response in photosynthetic capacity. The com­
bination of temperature and soil moisture conditions in which 
these responses peaked represents the temperature and soil 
moisture combination in which optimum balance of the physical 
and physiological processes prevailed. In the present study, 
the combination for optimum growth was 30-20OC temperature 
and 23 percent soil moisture, although there was not much 
difference over the ranges 25.-150 to 35-250C and 16 to 30 
percent. 
Temperature 
Growth occurs over a wide range of temperature. Within 
this range, there are temperature conditions which promote 
optimal growth (Hellmers 1962). These optimal temperature 
conditions vary somewhat with different species and even with 
different parts of the tree. In the present study, all the 
growth variables peaked at 30-200C but the optimum tempera­
ture range may include 25-15° to 35-250C. Comparing the re­
sponses in diameter and height growth on one hand and leaf 
area on the other, the upper limit of the optimum temperature 
range seems to be higher for leaf growth than those for 
diameter and height growth. Above and below the temperature 
range for optimum growth, growth is greatly limited. Thus in 
the present study, there was a sharp decrease in all growth 
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variables when temperature decreased from 25-15" to 15-5oc. 
No data were taken above 35-250C but a sharp decrease in all 
growth variables would be expected at a slightly higher tem­
perature. The adverse effect of high anJ low temperature on 
growth may be related to temperature effects on the various 
physical, physiological, and biochemical processes and condi­
tions underlying growth. For example, high and low tempera­
ture affect water relations and the various physical and 
biochemical component processes of photosynthesis and 
respiration. At moderately high temperatures the relative 
rates of photosynthesis and respiration increase unequally 
leading to a net reduction in photosynthate production. When 
temperature is further increased the enzymes that catalyze 
the component reactions in both photosynthesis and 
respiration may begin to denature and the rates of both proc­
esses are reduced. Still further increases in temperature may 
lead to death of cells, and the plant, as a result of many 
interacting factors, two of the most important being 
coagulation of proteins and consequent disruption of the 
protoplasmic structure and the release of ammonia leading to 
ammonia poisoning of the cells {Salisbury and Eoss 1969). On 
the other hand, at temperatures lower than the optimum, the 
physical processes and the component reactions become slower 
and lead to unfavorable water relations and inadequate 
photosynthate production and translocation. Competition for 
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this inadequate photosynthate supply between the different 
plant parts will result in reduction of growth of, at first, 
one or more plant parts but eventually the whole plant as 
conditions become more severe. 
Soil moisture 
There is also a range of soil moisture conditions that 
favor optimum growth. In this study, all growth variables 
peaked at 23 percent soil moisture but these were not signif­
icantly reduced at 16 and 30 percent. The soil moisture range 
for optimum growth, therefore, can be placed at 16 to 30 
percent. The lower limit is considerably above the permanent 
wilting point (8.6 percent) and the upper limit is only a few 
percentages below the "field capacity". As with temperature, 
the reduction in growth above and below the optimum range was 
the result of an unfavorable balance of all the component 
physical, physiological, and biochemical processes in growth. 
Among the more important factors are deficiency of oxygen and 
excess carbon dioxide in the highest soil moisture level. 
Growth of roots in particular was markedly reduced. Boynton 
(1940) found a marked reduction of new root growth at oxygen 
levels below 15 percent. In addition he found that a higher 
soil oxygen level was required for producing new roots than 
was required to keep roots alive. If oxygen deficiency is 
extreme, anaerobic respiration occurs, the incompletely 
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oxidized products of which are toxic (Kramer and Kozlowski 
1960). although aerobic respiration is reduced, nutrient and 
water uptake are also greatly reduced thus reducing 
photosynthesis at probably a greater rate than aerobic 
respiration. This results in a very much reduced 
photosynthate production. 
As soil moisture goes below the optimum range, one of 
the more important consequences is the effect on water rela­
tions of the plant. When soil moisture level approaches the 
permanent wilting point leaf water deficit becomes extreme, 
the stomata close, and photosynthesis is very much reduced. 
Reduced photosynthate production plus the direct effect of 
water deficit on cell division and elongation are apparently 
reflected first in a very much reduced leaf growth. Reduced 
photosynthetic area, especially early in the growth period, 
leads to drastic reductions in the total plant photosynthate 
production and consequently to much reduced growth in the 
other plant parts. Root growth is apparently reduced more 
than the other plant parts. Since root growth is very much 
reduced, water and nutrient uptake becomes very much reduced 
also, thus reducing further the rate of photosynthesis which, 
in turn, reduces leaf growth and root growth. Thus reduction 
in soil moisture level triggers a labyrinth of interacting 
factors and processes, all leading to a very much reduced 
plant size. 
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Sequential effects of temperature and soil moisture on growth 
From the foregoing discussions dealing with the more 
specific effects of temperature and soil moisture on the var­
ious physiological and growth variables the following se­
quence of events associated with the treatments as it affects 
growth of aspen-poplar hybrid is suggested. 
In a typical plant growing under conditions of optimum 
temperature (25-150 to 35-250C) and optimum soil moisture 
level (16 to 30 percent) there is an optimum balance of the 
physiological processes and so height growth, diameter 
growth, leaf growth, and dry weight accumulations proceed at 
the maximum rate limited only by the plant's genetic poten­
tial. Since temperature is moderately high transpiration ex­
ceeds absorption so a small water deficit in the leaves is 
present. This deficit, however, is not great enough to limit 
the rate of the physiological processes and it disappears or 
becomes minimum at night. 
As soil moisture level progressively becomes lower, ab­
sorption of water becomes more difficult so the amount of 
water uptake drops below water loss through transpiration, 
and water deficit increases. The lower temperature tends to 
reduce water loss through a lower evaporative demand of the 
atmosphere but at the same time the effects of low tempera­
ture on water physical properties and on the root cells tend 
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to reduce absorption. Also, low temperature reduces root 
growth thereby reducing absorption surface area. Therefore, 
the net effect of low temperature is probably a reduction in 
absorption. Thus water deficit further increases. The in­
crease in leaf water deficit has drastic consequences. 
Respiration and gross photosynthesis are both greatly reduced 
but the reduction is greater in the latter. This results in 
reduced net photosynthesis. Also, cell division and 
enlargement are reduced due to reduction in turgor resulting 
in reduced leaf growth and in reduced terminal and radial 
stem growth. The reduction in photosynthesis due to the di­
rect effect of water deficit and its indirect effect through 
reduction in photosynthetic leaf surface area causes a dras­
tic reduction in the total net photosynthate available for 
growth of the plant. 
Growth of plant parts is not reduced egually. For exam­
ple, because of distance from the source and reduced rate of 
translocation due to low temperature, less photosynthate 
reaches the roots. So root growth is reduced more than stem 
and leaf growth. This effect on root growth further restricts 
absorption and further increases the water deficit which, in 
turn, triggers progressively more deleterious effects. 
Likewise, excessively high soil moisture levels and 
abnormally high temperatures trigger a chain of actions and 
interactions of various processes and conditions which result 
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also in a very much reduced plant size and even death. For 
example, as soil moisture increases above the optimum range, 
aeration becomes more difficult. The low oxygen and exces­
sively high carbon dioxide concentrations reduce aerobic 
respiration and photosynthesis and induce anaerobic 
respiration that produces products toxic to the plant. Also, 
water and nutrient uptake is reduced resulting in reduced 
cell division and enlargement and increased water deficit. 
The increased water deficit and reduced cell division and 
elongation result in reduced growth as before. As temperature 
is increased above the optimum range respiration increases at 
a rate greater than photosynthesis and eventually a net nega­
tive photosynthetic production prevails, resulting in 
progressive loss in dry weight. If temperature is increased 
further the rates of both photosynthesis and respiration will 
decrease through effects on various processes, notably o-n the 
denaturation of the enzyme systems. 
lOU 
SOMMRRY 
a controlled environment study was conducted with rooted 
shoots of Crandon aspen-poplar hybrid (Populus grandidentata 
Michx. X P. alba L.) to determine the effects, after a six-
week growth period, of temperature and soil moisture on 
photosynthesis, respiration? growth, distribution of 
assimilate, and leaf water content. Five equally spaced tem­
perature regimes, ranging from 15° day and S^C night tempera­
ture to 350 day and 25oc night temperature and five equally 
spaced soil moisture levels ranging from 9 percent (near per­
manent wilting point) to 37 percent (above pot "field 
capacity"). Possible explanations for the results, the mean­
ings and implications of the results, and the related litera­
ture were discussed. Major findings were: 
1) Photosynthetic capacity peaked at 30-20^0 temperature 
and at 23 percent soil moisture. The photosynthetic capacity 
response was attributed mainly to the response in leaf area 
to temperature and the response to soil moisture was attrib­
uted to both leaf area response and photosynthetic efficiency 
response. A soil moisture range of 16 to 30 percent and a 
temperature range of 25-150 to 35-25oc were considered 
optimum. 
2) Photosynthetic efficiency peaked at 20-10OC and at 23 
percent soil moisture. The photosynthetic efficiency response 
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to temperature was attributed to differences in anatomy 
and/or biochemistry of the plants between temperature 
regimes, and the response to soil moisture was attributed to 
the response in leaf water content to soil moisture. 
3) Photosynthesis rates were maximum at the temperature 
at which the plants were grown. This was interpreted as indi­
cating that the plants were adapted closely to their growth 
temperatures. 
4) Apparent photorespiration rates were lower than dark 
respiration rates. This was attributed to a reassimilation of 
a portion of the light respiratory carbon dioxide. The fact 
that apparent photorespiration was not zero was interpreted 
to mean that reassimilation was not complete, thus disproving 
the assumption that respiratory carbon dioxide is completely 
reassimilated in the light during photosynthesis. 
5) The response in dark respiration per plant to temper­
ature exhibited a sigmoid curve with the inflection point at 
25-150c. The lower portion of the curve was attributed to in­
creased leaf production and to increased dark respiration per 
unit leaf weight. The increased respiration per unit leaf 
weight, in turn, was attributed to the direct effect of tem­
perature on the respiratory chemical reactions. The decreas­
ing rate of increase in the upper portion of the curve was 
attributed to decreased leaf weight and to a "time factor" at 
high temperature. Dark respiration per plant peaked at 16 to 
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30 percent soil moisture. The response in dark respiration 
per plant at soil moisture levels 16 to 37 percent was at­
tributed to the response in dark respiration per unit leaf 
weight and the sharp decrease in dark respiration per plant 
at 9 percent soil moisture level was due to a sharp decrease 
in leaf weight at this soil moisture level. Dark respiration 
per unit leaf weight peaked at 30 percent soil moisture. The 
decrease at high soil moisture level was attributed to poor 
soil aeration and the decrease at low temperature was attrib^ 
uted to decreased substrate and to the direct effect of low 
temperature on the component reactions. 
6) Dark respiration was slightly faster at low carbon 
dioxide concentration than at high concentration. Moreover, 
dark respiration per gram leaf dry weight at high carbon 
dioxide concentration increased linearly with temperature 
while at low carbon dioxide concentration it decreased 
slightly from 15-5o to 25-150C then increased with increased 
temperature from 25-15° to 35-250C. Starch to sugar conver­
sions which provided more dark respiratory substrate at low 
temperature were suggested as an explanation for this in­
crease at lower temperatures. The response in both conditions 
to soil moisture was the same. 
7) Leaf relative turgidity sharply increased at first 
then gradually as temperature increased from 15-50 to 35-
250C. It was noted that this response was not consistent with 
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results obtained for other species in other studies. This 
response was attributed to a greater decrease in water 
uptake relative to water loss due to decreasing temperature. 
Leaf relative turgidity increased sharply as soil moisture 
increased from 9 to 23 percent then decreased at 30 and 37 
percent. This was attributed to reduced water uptake which, 
in turn, was attributed mainly to reduced root growth. 
8) Top-root ratio decreased with decreased temperature. 
This indicates that root weight suffered less than top weight 
from low temperature. This was probably due to availability 
of relatively more photosynthate to the roots because of less 
consumption by the shoot which, in turn, was due to less 
shoot growth activity. Stem weight decreased more than leaf 
weight at low temperature. This was attributed to the low 
photosynthate production and to the low shoot activity due to 
low temperature. Since photosynthate was inadeguate it was 
thought that a great portion of it was used by the developing 
leaves ajid the amount left for the stem and roots was corre­
spondingly decreased. Top-root ratio was lowest at the 16 
percent soil moisture level. The greater ratio at 9 percent 
than at 16 percent was attributed to a great reduction in 
root growth which, in turn, was probably due to reduced 
translocation. The increase in ratio from 16 to 37 percent 
was attributed to stimulation of the shoot activity at high 
soil moisture levels which attracted more photosynthate than 
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the roots and even the leaves, 
9) Maximum growth in height, diameter, leaves, and dry 
weight occurred at a temperature range of 25-150 to 35-250C 
and at a soil moisture range of 16 to 30 percent. 
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APPENDIX 
Detailed Experimental Procedures 
Greenhouse procedures 
Cuttings. Stem cuttings of the Crandon clone of aspen-
poplar hybrid were gathered from the clonal orchard at the 
State Forest Nursery at Ames. These cuttings were at least 
one centimeter in diameter and about eight inches long. They 
were planted in benches in the greenhouse filled with rooting 
medium that consisted of 1/3 black peat, 1/3 sand, 1/3 loam 
soil. In each bench about 50 stem cuttings were planted 
vertically with about four inches buried and the remaining 
four inches protruding above the rooting medium. Before 
planting, the lower two inches of the cuttings were dipped in 
water and sprinkled with Bootonei powder. 
Pots and potting medium. The pots used in this study 
were one-gallon painted metal cans measuring 15 centimeters 
inside diameter at the top, 11 centimeters inside diameter at 
the bottom, and about 15 centimeters in depth. There were 
four 1 1/2-cm.- holes for drainage at the sides near the 
bottom. Fine nylon screen patches were taped across the holes 
to keep the rooting medium from being washed away by drainage 
^Commercial preparation containing indole-3-butyric acid. 
121 
water. The size of the pot was just large enough to fit the 
ring in the Ps-Rs chamber where the pots were placed during 
the determination of photosynthesis and respiration. 
The pots were filled in groups of five up to about one-
half inch below the rim with the rooting medium which con­
sisted of 1/3 black peat, 1/3 sand, and 1/3 loam soil mixed 
with a soil shredding machine. One sample of the potting 
medium was taken for each group of five pots. Each of the 
pots (with the potting medium) and the sample were then im­
mediately weighed and recorded. These weights were later used 
in the control of soil moisture levels in the experiment. 
Rooting the shoots. The shoots that were produced from 
the stem cuttings, after having developed a hardened woody 
stem and already at least three to four inches long, were 
rooted in the prepared pots under conditions of 100 percent 
humidity controlled by an alternating mist system. The shoots 
were cut from the stem cutting with a sharp knife or a razor 
blade in such a way that the base of the shoot included a 
small portion of the wood of the stem. The base of the shoot 
was then dipped in water and sprinkled with rootone powder 
and immediately planted. The shoots were planted just deep 
enough for adequate support. The potted plants were arranged 
on the greenhouse floor in rows along the length of the mist 
system. The shoots were rooted in four to five weeks and the 
mist was stopped at the end of this period. The rooted plants 
122 
remained in the greenhouse for another two weeks before they 
were brought to the growth chamber. 
Alternating mist system. The alternating mist system 
used in rooting the shoots consisted of a 1/2-inch water 
pipe, 12 feet long, with nozzles attached to it at two feet 
interval along the length. The pipe was connected to a faucet 
with a rubber hose. The faucet, in turn, was connected to a 
solenoid valve which was controlled by an electric day-night 
timer and a minute timer. The solenoid valve alternately al­
lowed and restricted passage of water to the pipe and 
nozzles. It was turned on and off by the minute timer at 
short intervals and the day-night timer turned the whole sys­
tem off at night and on the following day. 
Growth chamber procedures 
The rooted plants were grown in the growth chambers for 
two to three weeks before any experimental treatments were 
begun at 300C day and 2Q°C night temperature with a 16-hour 
photoperiod that conincided with the day temperature. This 
period allowed the plants to break buds and resume terminal 
growth. 
Since it was not possible to make the various measure­
ments on many plants at the same time, experimental treat­
ments were started on two replicates at a time. For this rea­
son, rooting of the shoots in the greenhouse had also to be 
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done two replicates at a time. There were 15 growth chambers 
available. During any one time 10 chambers were used for two 
replicates, two chambers for growing newly rooted plants and 
the rest were spares that could be used in case some chambers 
broke down. Each group of two replicates was started one to 
three weeks before the plants in the previous replicates were 
through with the treatments. Therefore, one to three weeks 
through with the treatments. Therefore, groups of two 
replicates overlapped one to three weeks. 
For each of six replicates, five growth chambers were 
assigned randomly to five temperature regimes. Within each 
temperature regime (or chamber), five soil moisture levels 
were randomly assigned. Twenty five plants were randomly 
assigned to the 25 treatment combinations. 
Temperature treatments. The following temperature 
regimes were applied: 
T1 
Night 50C 
Mean 10 
Day T5 
TDDH 280 
T2 
100C 
15 
20 
400 
T3 
150C 
20 
25 
520 
T4 
20OC 
25 
30 
640 
T5 
250C 
30 
35 
760 
Temperature was taken as temperature indicated by a 
thermometer placed in the center or the chamber at a height 
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just over the crowns of the plants. The night temperature was 
applied for 8 hours and the day temperature for 16 hours. The 
photoperiod was 16 hours and coincided with the day tempera­
ture. These treatments all had a day-night temperature dif­
ferential of 10®C and were equally spaced at interval. 
TBDK was total daily degree hours or "heat sum" obtained as 
(night teimperatpfe x 8 hours) + (day temperature x 16-hours). 
Soil moisture treatments. The soil moisture treatments 
were started at the same time as the temperature 'treatments. 
It was not possible to maintain a constant level of soil 
moisture in the pots so the "dry-down" method was used. The 
soil was allowed to dry down to a specified moisture level 
then watered to saturation and allowed to dry down again to 
the same moisture level. The cycle was continued for the 
duration of the study. 
The moisture levels to which the soil was allowed to dry 
down were determined gravimetrically. The combined total 
weight of the pot, (CTW), the soil at the desired level, and 
an estimated weight of the plant was determined and when this 
total was reached, as determined by periodic weighings during 
the "drying-down", the soil was again saturated with water. 
The CTW at the desired moisture level was determined 
using the following formula: 
CTW = PFSW - PW (1 + D«P) + PW + EPW 
1 + SUP 
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Where: PFSW = (Pot + fresh soil) weight obtained in the 
greenhouse when the pots were newly 
filled with the rooting medium 
PW = Weight of empty pot 
SHP = Soil sample moisture percent in decimal 
DHP = Desired moisture percent in decimal 
EPW = Estimated weight of plant. 
Each pot was weighed periodically at short intervals 
during the first week of treatments. When a pot reached the 
computed total weight (CTW), it was assumed to be at the 
desired moisture level. The pot was then saturated with 
water (filled to the rim) and allowed to dry down again to 
the computed total weight. A record of the time (hours) that 
each pot took to dry down to the desired moisture level was 
kept. From this record, a schedule of watering was prepared 
for each p6t. Each pot^ however, was check-weighed before any 
re-watering was done. 
Height and diameter measurement. Height and diameter 
measurements were made on each plant at the beginning of 
treatments and again at the end. At both times, diameter was 
measured at a point on the stem that was in the same level as 
the rim of the pot. This was to make sure the two measure­
ments were comparable. Diameter was measured with a vernier 
caliper. Height was measured from the point where diameter 
was measuLed to the tip of the terminal bud. To exclude from 
these measurements the effect of lateral branches on terminal 
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elongation, lateral buds that were activated were removed. 
Only a few plants, however, exhibited activated lateral buds. 
Laboratory procedures involved the determination of soil 
moisture levels used in the study, determination of 
photosynthesis and respiration, determination of relative 
turgidity, determination of leaf area,, and harvest of plants 
for dry weight determinations. 
Soil moisture treatment levels. The five soil moisture 
levels used in the study were 9, 16, 23, 30, and 37 percent. 
The permanent wilting point as was determined with the use of 
a pressure membrane apparatus, was 8.6 percent. The permanent 
wilting point was defined as the soil moisture percent based 
on the oven^dry weight of a soil sample after being exposed 
to 15 atmospheres of pressure in a pressure membrane plate 
apparatus for a period of 24 hours. The lowest moisture level 
represented a moisture content that was slightly above the 
permanent wilting point. The highest level represented 
moisture content that was slightly above the average moisture 
contents of soil samples taken from a few pots filled with 
the soil mixture, saturated with water, and drained for 24 
hours. 
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Photosynthesis and respiration deteriniRation. After six 
weeks of growth under treatments in the growth chambers, the 
plants were individually brought to the laboratory when they 
reached their desired moisture levels ana photosynthesis and 
respiration were measured. 
The determination of photosynthesis and respiration in­
volved the use of a gas-tight controlled-environment chamber 
described by Broerman, et al. (1967). & Beckman L/B infrared 
gas analyzer, model IR 215, with a full scale range of 0 -
500 ppm carbon dioxide, was used to monitor carbon dioxide 
evolution or uptake and a continuous record of the gas-
exchange was obtained with an Esterline-Angus Recti-graph 
recorder. 
All photosynthesis and respiration measurements were 
taken at the day temperature at which the particular plant 
was grown and at the soil moisture level to which the soil 
was being dried down. Net photosynthesis was determined at 
5,000 foot-candles light intensity at a point on the plant 
where the leaves are expected to contribute most to the 
photosynthesis or respiration (i.e., at a point where the 
leaves were not too old nor too young). The 5,000 foot-
candles light intensity represented light intensity that was 
a little above the point where photosynthesis leveled off in 
a curve of photosynthesis vs. light intensity previously ob­
tained in a pre-test. It also represented light intensity at 
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which gross and net photosynthesis peaked in a study of the 
effects of light intensity and clone on photosynthesis and 
respiration of this hybrid plant by Gatherum, et al. (1967a). 
Before the potted plant was placed inside the Ps-Es 
chamber the pot was placed in a 3-mil polyethylene bag and 
sealed around the base of the plant to exclude soil 
respiration from the photosynthesis and respiration determi­
nations. The steps in the actual determinations were as fol­
lows : 
1) pre-conditioned the plant for a period of at least 
20 minutes in the chamber that was adjusted 
to the desired temperature and light intensity, 
2) adjusted chamber carbon dioxide concentration to at 
least 420 ppm, 
3) recorded carbon dioxide uptake until a definite tate 
of change was noted 
U) covered the chamber with a black photographic cloth, 
5) recorded carbon dioxide evolution until a definite 
rate of change was noted, 
6) replaced chamber air with C02-free air through 
an open system, 
7) after the lowest possible carbon dioxide 
concentration in the chamber was reached, 
switch to closed system and recorded carbon 
dioxide evolution in the light until a definite 
rate of change was noted, 
8) switched to open system to lower again chamber 
carbon dioxide concentration, 
9) covered the chamber with black photographic 
cloth and switch to closed system, 
10) recorded carbon dioxide evolution until a 
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definite rate of change was noted, 
11) from the graphs of carbon dioxide evolution and 
uptake the change in carbon dioxide 
concentration per hour was determined. 
A pre-test was conducted to determine the length of time 
the plants should be pre-conditioned in the chamber before 
the photosynthesis was measured. This was done by recording, 
for each of a few plants, the gas-exchange immediately after 
the plant was placed in the chamber. There was a gradual in­
crease in slope of the curve. After about 20 minutes, the 
curve became a straight line. Presumably, the transfer of the 
plants from the growth chamber to the laboratory induced 
closure or partial closure of the stomata. After placing the 
plant in the Ps-Rs chamber, the stomata gradually returned to 
maximum opening. This accounted for the gradual increase in 
slope of the photosynthesis curve. The point where the curve 
began to be a straight line (20 minutes), indicated the point 
where the stomata reached maximum opening. Thus 20 minutes 
was selected as the minimum pre-conditioning period. 
In the closed system, air in the Ps-Rs chamber was 
pumped continuously into the gas analyzer but returned to the 
chamber. In the open system, air from the chamber was contin­
uously pumped out and laboratory air that passed through a 
column of ascarite was pumped, at the same rate, into the 
chamber. The ascarite was used to scrub carbon dioxide from 
the air. Therefore, the air that was used to replace the air 
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in the chamber was carbon dioxide-free. Since the plant was 
already in the chamber and already respiring, and air flow 
could not be made fast enough, the chamber air could not be 
brought to a zero carbon dioxide concentration. The lowest 
carbon dioxide concentration to which the air in the chamber 
could be lowered depended also on the rate of respiration of 
the plant in the light. However, this lowest concentration 
was low enough to allow a record of constant increase of 
carbon dioxide concentration in the chamber during 
respiration determinations. 
The difference of two carbon dioxide concentrations on 
the graphs over a period of five minutes multiplied by 12 re­
presented the change in carbon dioxide concentration per 
hour. This change in carbon dioxide concentration in parts-
per-niillion (ppm) was multiplied with a constant for a par­
ticular temperature, previously determined by application of 
the gas laws, to obtain the weight in milligrams of the 
carbon dioxide evolved or absorbed per hour by the plant. 
Net photosynthesis was represented by the amount of 
carbon dioxide absorbed with the lights on and dark 
respiration was represented by the amount of carbon dioxide 
evolved in the dark. The amount of carbon dioxide evolved in 
the light whei» the chamber air was of very low carbon dioxide 
concentration represented apparent or net light respiration 
or photorespiration. Because of possible refixation of 
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respiratory carbon dioxide before it could get out of the 
leaf, true light respiration could not be determined in this 
study. 
An estimate of gross photosynthesis was obtained by 
summing up the net photosynthesis and net light respiration. 
In seme past studies. Gatherum and his colleagues added dark 
respiration to net photosynthesis to obtain an estimate of 
gross photosynthesis (Dykstra and Gatherum 1967; Gatherum et 
al. 1967a; 1967b; Gordon and Gatherum 196#; 1969; Schultz 
1968; 1970; Sipith 1968; 1970) . This assumed that respiration 
in the dark was the same as respiration in the light. This 
assumption has already been proved unfounded through demon­
strations of differences obtained between rates of 
respiration in t!\e dark -and in the light. What was needed, to 
obtain a good estimate of gross photosynthesis, was an esti­
mate of respiration in the light and at the concentration of 
carbon dioxide in the chamber air during photosynthesis de­
termination. Light respiration at high atmospheric carbon 
dioxide concentration could not be determined in this study. 
However, light respiration at low atmospheric carbon dioxide 
concentration, as determined in this study, should be a bet­
ter estimate of the light respiration at high carbon dioxide 
than dark respiratin. Therefore, summing up net 
photosynthesis and light respiration at low atmospheric 
carbon dioxide concentration should give a better estimate of 
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gross photosynthesis. 
Supplemental study. A supplemental study was conducted 
to determine the direct effect of temperature on 
photosynthesis and respiration. Photosynthesis and 
respiration {light and dark) of five plants grown at 300C day 
and 20OC night temperature at adequate soil moisture (not 
less than 30 percent) were taken at five temperatures, 
namely, 15o, 20°, 25°, 30°, 350C. Each plant was pre­
conditioned in the Ps-Rs chamber for at least 60 minutes be­
fore any measurements were made. For each plant, measurements 
at different temperatures were made at different days. This 
procedure was repeated on another five plants grown at 20QC 
day and IQoc night temperature. 
Determination of relative turqiditv. Immediately after 
photosynthesis and respiration determinations were completed 
the plant was removed from the Ps-Es chamber and two matured 
leaves on adjacent but opposite locations in the middle 
portion of the crown were immediately taken for the determi­
nation of leaf relative turgidity. The margins of the leaves 
were first traced on paper for area determination later then 
each leaf was split into two along the midrib. Each half-leaf 
was weighed to the nearest milligram. These half-leaves were 
then inserted through slits made on plastic ice-cube formers. 
The ice-cube formers with the half-leaves Were then ^ placed in 
a crisper filled with distilled water to a depth of one inch. 
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This allowed the cut surfaces of the midribs to be in touch 
with the water and allowed the development of full turgidity 
in the leaves. The cover of the crisper was replaced and the 
whole crisper we.s covered with a black photographic cloth. 
After about 24 hours the half-leaves were taken out of the 
crisper. The excess water clinging was wiped off with kimwipe 
paper, and the turgid weights were taken. Oven-dry weights 
were taken after oven-drying the leaves at 70oc for 24 
hours. Relative turgidity (PT) was calculated from the formu­
la (Weatherly 1950): 
RT,.% = Fresh weight - oven dry weight x 100. 
turgid weight- oven dry weight 
Leaf area determination. After the leaves for relative 
turgidity determination had been removed, weighed, and dipped 
in water, the remaining leaves were separated from the stem 
and prints of their outlines were made on blue-print paper. 
In this method, a blue-print paper was placed on a wooden 
board. The leaves were -placed on the paper and pressed flat 
with a piece of clear glass. The boaid was next placed under 
an intense ^ight>. Then the paper was placed inside a crisper 
containing two beakers half-full of ammonium hydroxide. The 
ammonia in the air turned the outlines of the leaves on the 
paper to blue color. 
The areas of these leaf prints were determined by the 
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dot-grid method. A cross-section paper was placed under a 
plastic transparency and each corner of the 1 cm. x 1 cm. 
squares were marked with a dot on the transparency. Each dot 
in this dot-grid, therefore, represented an area of one 
square centimeter. When the leaf prints were placed under 
this dot grid, the dots found inside the leaf prints were 
counted and the count gave the area in square centimeters. 
The leaf areas in square centimeters were later converted to 
square decimeters. 
